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ABSTRACT
Noroozi, Babak. Ph.D. The University of Memphis. June 2020. Printed Spiral Coil Design,
Implementation, and Optimization for 13.56 MHz Near-Field Wireless Resistive Analog Passive
(WRAP) Sensors. Major Professor: Dr. Bashir I. Morshed.
Monitoring the bio-signals in the regular daily activities for a long time can embrace many
benefits for the patients, caregivers, and healthcare system. Early diagnosis of diseases prior to
the onset of serious symptoms gives more time to take some preventive action and to begin
effective treatment with lower cost. These health and economy benefits are achievable with a
user-friendly, low-cost, and unobtrusive wearable sensor that can easily be carried by a patient
with no interference with the normal life. The easy application of such sensor brings the smart
and connected community (SCC) idea to existence. The spread of a designated disease, like
COVID-19, can be studied by collecting the physiological signals transmitted from the wearable
sensors in conjunction with a mobile app interface. Moreover, such a comfortable wearable
sensor can help to monitor the vital signals during fitness activities for workout concerns.
The desire of such wearable sensor has been responded in many researches and commercial
products such as smart watch and Fitbit. Wireless connection between the sensor on the body and
the scanner is the key and common factor of all convenient wearables. This essential feature has
been currently addressed by the costly techniques which is the main impediment to be widely
applicable. The existing wireless methods including WiFi, Bluetooth, RFID, and NFC impose
cost, complexity, weight, and extra maintenance including battery replacement or recharging,
which drove us to propose a low-cost, convenient, and simple technique for wireless connection
suitable for battery-less fully-passive sensors. Using a pair of coils connected by the near-field
magnetic induction has been copiously used in wireless power transfer (WPT) for medical and
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industrial applications. However, near field RFID and NFC rely on this technique with active
circuits. In contrast, we have proposed a wireless resistive analog passive (WRAP) sensor in
which a resistive transducer at the secondary side, affects the primary quality factor (Q) through
the inductive connection between a pair of square-shaped Printed Spiral Coils (PSC). The
primary 13.56 MHz (ISM band) signal is modulated in response to the continuous change of biosignal and the amount of response to the unit change in transducer resistance is defined as
sensitivity.
A higher sensitivity enables the system to respond to the smaller bio-signals and increases the
coils’ maximum relative mobilities. The PSCs’ specifications and circuit components determine
the sensitivity and its tolerance to the coils’ displacements. We first define and formulize the
objective function for coil and components’ optimization to achieve the maximum sensitivity.
Although the optimization methods do not show much different results, due to the speed and
simplicity, the Genetic Algorithm (GA) technique is chosen as an advanced method. Then in
second optimization stage, the axial and lateral distances that affect the mutual inductance are
introduced to the optimization process. The results as a pair of PSCs profiles and the associated
circuit components are obtained and fabricated that produced the maximum sensitivity and
misalignment tolerance.
For the sake of patient comfort, the secondary coil size is fixed at 20 mm and the primary coil
is optimized at 60 mm with the maximum (normalized) sensitivity 1.3 mƱ for 16 mm axial
distance. If the Read-Zone is defined as the space in which the center of secondary coil can move
and the sensitivity keeps at least half of its maximum value, the best Read-Zone has a conical
shape with the base radius 22.5 mm and height 14 mm. The analytical results are verified by the
measurement results on the fabricated coils and circuits.

vi

TABLE OF CONTENTS
Chapter

Page

List of Figures

x

List of Tables

xiv

List of Symbols

xvi

1. Introduction

1

1.1. Overview

1

1.1.1

Applications

1

1.1.2

Market

2

1.1.3

Challenges

2

1.2 Related works

3

1.2.1

Wireless wearable sensors

3

1.2.2

Near-Field Inductive Coils

4

1.3 Research objectives

5

1.4 Achievements

6

1.5 References

8

2. PSC Optimization Of 13.56 MHz Resistive Wireless Analog Passive Sensors

12

(RWAPS)
2.1. Introduction

12

2.2. Hardware concept

15

2.2 (a) Theory

16

2.2 (b) Input Constraints

18

2.3 Coil design

18

2.3

(a) Iterative method for coil optimization

18

2.3

(b) Efficiency behavior with coil parameters

19

2.3

(c) Coil fabrication

20

2.4 Results

22

2.4 (a) Test setup

22

2.4 (b) Measurement results

23

2.5 Discussion

26
vii

2.6 Conclusion

27

2.7 References
3. Design and Optimization of Printed Spiral Coils for Wireless Passive Sensors
3.1 Introduction

32

3.2 The hardware model and equations

34

3.2.1

Circuit schematic

35

3.2.2

Equations

36

3.3 Methods

39

3.3.1

Electrical components optimization

39

3.3.2

Optimization of PSC structure

40

3.3.2.1 Iterative optimization method

40

3.3.2.2 Analytical optimization method

40

3.3.2.3 Genetic algorithm (GA) optimization method

41

3.4 Theoretical results

41

3.5 Fabrication, Simulation, and measurement results

44

3.5.1

Measuring the coupling factor (k)

44

3.5.2

Measuring the sensitivity

45

3.5.3

Simulation and theoretical results

47

3.6 Conclusion

48

3.7 Acknowledgement

49

3.8 References

49

3.9 Appendix

51

3.10 Supplementary documents

52

3.10.1 Electrical components optimization

52

3.10.2 Analytical results discussion

53

3.10.3 Optimization results verification

54

3.10.4 The effect of components’ range and tolerances on the sensitivity

55

4. Designing and Implementing a Sensitive Misalignment-Tolerant Pair of Wireless

59

Resistive Analog and Fully Passive Sensors
4.1. Introduction

59
viii

4.2. Model and equations

61

4.3. Optimization

63

4.4. Fabrication, simulation, and measurement results

68

4.5. Discussion

71

4.6. Conclusion

75

4.7. References

77

5. Conclusion and future directions

81

5.1. Key results

81

5.2. Future directions

83

Appendix A. MATLAB Codes

84

Appendix B. COMSOL Models

89

Appendix C. PCB Design

96

ix

LIST OF FIGURES
Figure Title

2.1

Page

The concept of rWAPS. Variation of resistive sensor changes the primary

15

voltage proportional to mutual inductance
2.2

The detail of rWAPS and the concept of reflected resistor (at the resonance

16

frequency) from secondary to primary
2.3

Coil parameters

18

2.4

Flowchart of the iterative optimization method

19

2.5

Simulation results of the effect of primary fill-factor (𝜑1 ) and primary outer size

20

(𝑑𝑂1 ) on the efficiency (η) (1 mil = 25.4 µm)
2.6

Simulation results of the behavior of efficiency (η) with primary outer size (𝑑𝑂1 )

20

and primary track width (𝑤1) (1 mil = 25.4 µm)
2.7

Simulation results of efficiency (η) versus secondary track width (𝑤2 ) and

20

secondary fill-factor (𝜑2 ) (1 mil = 25.4 µm)
2.8

(Up) PCB layouts and (Down) fabricated PCBs of Design0 and Design3.

22

Design0 (TI design) has the same size of primary and secondary (left figure),
while the optimized coil (Design3) has a smaller secondary (Primary coil in the
middle, and secondary coil in the right)
2.9

Measurement setup. Vosc is applied by function generator and the output is

23

observed with spectrum analyzer and oscilloscope. The distance between
primary and secondary coils has been kept at 40 mm for all tests. (Inset: The
photographs of the primary and the secondary PCBs are shown)
2.10 Circuit under test with real measured values with an LCR analyzer for Design3.

24

Design0 has the similar configuration with: Cs=3.9 pF, C1=240 pF, CP1=1 pF,
R1=0.5 Ω, L1=735 nH and same values for the secondary
2.11 Measurement results of the output voltage versus Rsensor for Design0 and Design3.

25

Design3 has better response to Raensor with respect to Design0
2.12 Measurement results of the sensitivities for Design0 and Design3 with different

25

Rsensor. There are four different zones by which the average sensitivities for both
designs are mentioned in the plot
2.13 Measurement results of the power consumption for Design0 and Design3. There
x

25

are two zones at the two sides of 2.8 kΩ: on the left side Design3 has 50 µW
more power consumption and in the right zone Design3 has 20 µW less power
consumption on average
2.14 Measurement results of the sensitivities of Design0 and Design3 as normalized

25

with power consumption. There are four zones by which only for the leftmost
zone, Design0 shows higher sensitivity while in the other zones Design3 is more
sensitive than Design0
3.1

(L) The concept of sensitivity. (R) ΔVOut in response to ΔRT

35

3.2

Circuit schematic of WRAP system. Ctp and Cts are primary and secondary

36

trimmer capacitor, respectively and k is the coupling coefficient
3.3

Equivalent circuit of the schematic shown in Fig. 3.2. Here: C1=Ctp+Cp and

37

C2=Cts+Cs, VP=VOut, and RT=RTransducer
3.4

(L) PSC physical characteristics, (R) the equivalent circuit

38

3.5

Iterative method (dO2 = 20 mm). The capital variables represent the optimum

42

values from previous steps and the small variables represent the variables that are
being optimized in each step
3.6

Analytical method, flowchart

42

3.7

GA flowchart

43

3.8

The PCB design based on GA results: (a) Primary, (b) Secondary

45

3.9

Measuring the coupling factor for three fabricated PSCs using (21). For D = 16 mm,

45

coupling factor is 0.08±0.003 for three boards
3.10 Experimental setup for sensitivity measurement

46

3.11 The schematic for the circuit under the test. The PSC show the equivalent

47

components for Board #1
3.12 Average measured sensitivity for three fabricated boards. The sensitivity for

47

RT = 1kΩ is 7.5, 6.9, and 7.2 for Board#1 to Board#3, respectively
3.13 The average results for three boards: Measurement, Simulation, and Calculation

47

3.S-1 The maximum sensitivity for LP and LS in the range of (3 to 5) µH and (3 to 6)

53

µH, respectively. Each point on the maximum sensitivity surface is associated
with a unique pair of C1 and C2
3.S-2 Iterative method - Sensitivity vs different variables with the highlighted optimum
xi

55

point for Cin = 4 pF, C1 = 24 pF, and C2 = 14 pF.XOPT = [dO1 n1 S1 W1 n2 S2 W2 RT] = [39
10 6 29 15 6 7 1KΩ]
3.S-3 Sensitivity vs (a) C1, (b) C2, (c) Cin for three LP and LS ranges. The larger self-

57

inductance has higher sensitivity but more sensitive (susceptible) to the capacitor
tolerance
3.S-4 The fabrication tolerances effect on the sensitivity at the optimum point for GA

58

optimization. The optimum point is specified. (Left) s2 and w2 keep their optimum values
but s1 and w1 vary within the tolerance: s1 = 7 ⁓ 9, w1 = 57.5 ⁓ 58.5, (Right) s1 and w1
keep their optimum values but s2 and w2 vary within the tolerance: s2 = 5 ⁓ 7, w2 = 5.5 ⁓
6.5
4.1

(L) The concept of sensitivity, (R) ΔVOut in response to ΔRT

62

4.2

(L) PSC physical characteristics, (R) the equivalent circuit

62

4.3

Circuit schematic of WRAP system

63

4.4

A typical Sensitivity-k curve

66

4.5

The effect of primary size on the Coupling factor change with lateral displacement

68

(Ф≈0.9 for all cases)
4.6

The effect of primary fill-factor on the coupling factor change with lateral

68

displacement (D1=60mm, Distance=16mm)
4.7

PCB design for Primary (Left) and Secondary (Right)

69

4.8

The axial distance/lateral distance between primary and secondary in the

69

sensitivity simulation and measurement
4.9

Experimental and simulation results of coupling factor for optimum coil in

70

different lateral and axial distances
4.10 The final schematic

70

4.11 The sensitivity measurement setup

71

4.12 The measured and calculated sensitivity vs lateral displacements for different axial

72

distances
4.13 The measured and calculated sensitivity vs axial distances for different lateral

72

displacements
4.14 The sensitivity with coupling factor for the final schematic

72

4.15 The secondary lateral and axial movement region in which the sensitivity

73

xii

unchanged (Sen.≈1.3 mƱ, 0.07 ≤ k ≤ 0.1)
4.16 Read-Zone: the region in which the secondary can move and the minimum

73

sensitivity is more than half of its maximum (0.65 ≤ Sen. ≤ 1.3)
4.17 The effect of RT on sensitivity. The smaller RT increases the sensitivity, however,

76

increase the kmax
4.18 The effect of Rin on the sensitivity and kmax. The sensitivity and kmax decrease
with Rin

xiii

76

LIST OF TABLES
Table Title

Page

2.1

The specific PSC design constraints (1 mil = 25.4 µm)

18

2.2

Input characteristics of PSC design

21

2.3

Four optimum designs with different input constraints (P: Primary coil, S:

21

Secondary coil, 1 mil = 2.54 µm)
2.4

Specifications of TI coil (P: Primary coil, S: Secondary coil, 1 mil = 25.4 µm)

22

3.1

Maximum sensitivity and optimum capacitors for two ranges of primary and

51

secondary self-inductances (RP=1.1 Ω, RS=5Ω, RT=1 KΩ, k=0.08)
3.2

The Lower/Upper bounds in GA (d in mm, s and w in mil)

51

3.3

GA option settings

43

3.4

Feasible Primary and Secondary PSC profiles for Table 1 and (17). The minimum

51

error for LP and LS to the target values are 0.03% and 1.08%, respectively
3.5

The Analytical resultant sensitivity optimization for the PSC primary and

52

secondary profiles in Table 3.4. Each design shows the feasible LP and LS with
minimum error to the optimum values in Table 3.1
3.6

Optimization results for three methods and the effect of fabrication tolerances on

52

the sensitivity
3.7

The GA update optimization results for fabricated PSCs

3.S-1 The Analytical results for the PSC primary and secondary profiles in Table 3.4.

51
54

The first row in each design shows the feasible LP and LS with minimum error to
the optimum values in Table 3.1. The two next rows indicate the maximum and
minimum sensitivity due to the fabrication error
3.S-2 Maximum sensitivity and optimum capacitors for two ranges self-inductances

56

(RP = 2 Ω, RS = 10 Ω, RT = 1 KΩ, k = 0.08)
4.1

The lower and upper boundaries of variables in GA

65

4.2

GA option settings

65

4.3

GA multiple runs for the upper/lower boundaries in Table I and: dO1=60 mm

67

, dO2=20 mm
4.4

The fabricated coils’ components and their calculated values (Table 4.3)

69

4.5

The worst-case fabrication tolerances (+∆s1, +∆w1)

74

xiv

4.6

The maximum sensitivity / Read-Zone for the worst-case PCB and capacitor’s

74

tolerances
4.7

The effect of RT on the sensitivity and Read-Zone

75

4.8

The effect of Rin on Read-Zone

75

xv

LIST OF SYMBOLS
Symbol

Description

𝐶𝑖𝑛

Primary circuit matching capacitor

𝐶𝑃 (𝐶𝑃1 )

Primary coil equivalent parallel capacitor

𝐶𝑃𝐶

Coil equivalent parallel capacitor through coating as insulator

𝐶𝑃𝑆

Coil equivalent parallel capacitor through substrate as insulator

𝐶𝑆 (𝐶𝑃2 )

Secondary coil equivalent parallel capacitor

𝐶𝑡𝑝

Primary circuit trimmer capacitor

𝐶𝑡𝑠

Secondary circuit trimmer capacitor

𝐷

Distance between primary and secondary coils

𝑑𝑖1

Primary coil inner size

𝑑𝑖2

Secondary coil inner size

𝑑𝑂

Coil outer size

𝑑𝑂1

Primary coil outer size

𝑑𝑂2

Secondary coil outer size

𝑓

Signal generator frequency

𝐻

The best distance between coils (Maximum Sensitivity)

𝐼𝑆

Signal generator current

𝑘

Coupling factor

𝑘𝑚𝑎𝑥

Coupling factor in which the sensitivity is maximum (Theoretically)

𝑘𝑂𝑃𝑇

Optimum coupling factor in which the sensitivity is maximum

𝐿1 (𝐿𝑃 )

Primary coil equivalent self-inductance

𝐿2 (𝐿𝑆 )

Secondary coil equivalent self-inductance

𝐿𝑎𝑖𝑑 (𝐿𝐼−𝑃 )

The equivalent self-inductance of two in-phase series coils

𝑙𝐶

Conductor length
xvi

𝑙𝑔
𝐿𝑜𝑝𝑝 (𝐿𝑂−𝑃 )

Length of the gap between tracks in a PSC
The equivalent self-inductance of two out-of-phase series coils

𝑀

Mutual inductance

𝑛

Coil number of turns

𝑃𝑎𝑣

Average power delivered by the signal generator

𝑄

Quality factor of an RLC

𝑄1

Primary quality factor

𝑄2

Secondary quality factor without load (transducer)

𝑄2𝐿
𝑄𝐿

Secondary quality factor with load (transducer)
Secondary quality factor with load (transducer) only

𝑅𝐷𝐶

Coil equivalent DC resistor

𝑅𝑃 (𝑅1 )

Primary coil equivalent series resistor

𝑅𝑟𝑒𝑓

Reflected resistor

𝑅𝑆

Coil equivalent series resistor

𝑅𝑆 (𝑅2 )
𝑅𝑆 (𝑅𝑖𝑛 )

Secondary coil equivalent series resistor
Signal generator internal resistor (Chapter 2)

𝑅𝑇 (𝑅𝑆𝑒𝑛𝑠𝑜𝑟 )

Sensor (Transducer) resistance

𝑠
∆𝑠

Space between tracks (planar spiral coil)
Maximum fabrication tolerance of space between tracks

𝑡 (𝑡𝐶 )

Conductor thickness

𝑡𝑆
𝑉𝑖𝑛

Substrate thickness
Signal generator output voltage (primary circuit input voltage)

𝑉𝑂𝑆𝐶

Signal generator output voltage without load (I=0)

𝑉𝑂𝑈𝑇

Output voltage (Primary coil voltage)

𝑤

Width of a track (planar spiral coil)

xvii

∆𝑤
𝑌

Maximum fabrication tolerance of width of tracks

𝑍1

The maximum lateral distance in which the sensitivity remains more
than 50% of its maximum value (Read-Zone)
The maximum axial additional distance in which the sensitivity remains
more than 50% of its maximum value (Read-Zone)
Equivalent impedance from the primary coil

𝑍2

Secondary circuit equivalent impedance

𝑍𝑅

Reflected impedance from secondary to primary

𝑍

𝛼

Empirical coefficient for dielectric relative permittivity of coating (air)

𝛽

Empirical coefficient for dielectric relative permittivity of substrate
(FR4)
Skin depth

𝛿
𝜀𝑟𝑐

Relative dielectric constant of coating (air)

𝜀𝑟𝑠

Relative dielectric constant of substrate (FR4)

𝜂

Power transfer efficiency

𝜆

Wavelength

µ0
µ𝑟𝑐

Vacuum magnetic permeability
Conductor (Copper) relative magnetic permeability

𝜌

Conductor resistivity

𝜑

Fill-Factor

𝜔

Angular frequency (2𝜋𝑓)

xviii

Chapter 1
INTRODUCTION
1.1 OVERVIEW
Telemetry with the body-worn sensors that allows for mobile health (mHealth) monitoring
have many useful capabilities and benefits including the reduced need for caregivers and hospital
trips, increased health awareness, improved quality of life, and increased freedom. Because they
are worn at all times, they gather more information than a single test. Additionally, the
information is more reliable because it is gathered when the patient is at work and at home,
rather than when the patient is in a hospital setting. Studies have shown that wearable technology
in healthcare is exceptionally beneficial, as it is capable of saving doctors 15 hours of work per
week if their patients use wearable technology, it aids in the detection of various diseases, and it
improves workout efficiency in users [1].
1.1.1 Applications
The wearable sensors application can fall in one of the following groups.
A. Early detection. Among the many applications of Body-worn sensors in medicine,
prevention healthcare is a valuable objective. The use of these sensors allows patients and
doctors to take action before the onset of serious symptoms [2]-[3]. Early detection ultimately
gives patients the time to begin treatment that slows or prevents the onset of disease.
B. Spread of Disease. Since the wearable sensors can to be worn by a large number of
people, they can collectively gather a large amount of data which might be shared and analyzed.
Thus, this shared information reveals which diseases are prevalent in an area, in a season, or in
various age-groups [4]. Consequently, society’s awareness of certain diseases increases, and the
importance of studying those diseases and developing better treatment options is reiterated.
C. Health application. The body-worn sensors allow for closer monitoring of health conditions

and a greater awareness of fitness [5]. The wide acceptance of this technology indicates that
society is growing more health conscious, and with so many people already using these devices,
wearable health technology is sure to grow in popularity with further developments [6].
D. Rehabilitation. Wearable sensors are also used in rehabilitation and movement related
scenario. They help caregivers to monitor the patients’ movement or gesture to assess their
mobility and health [7]-[8], and in some researches, the wearables are employed for fall detection
and ambulatory monitoring [9]-[11].
1.1.2 Market
Wearable technologies and sensors have experienced substantial market gains in the United
States. The wearable technology market was valued at $21.7 billion in 2016, and projections
show it is rising to $51.6 billion by 2022 at 15.5% CAGR (Compound Annual Growth Rate) [12]
and with the assist of artificial intelligence (AI), it is expected to reach $69.51 Billion by 2026 at
26.5% CAGR [1].
1.1.3 Challenges
The wireless wearable sensors pose various challenges including power supply, cost,
continuous usage without being obtrusive, appropriate wireless technique, and making a userfriendly sensor. Using some active techniques such as WiFi and Bluetooth, can increase the
signal to noise ratio (SNR) and reliability but it also increases the cost and impedes them to be
common method in the healthcare system. In our proposed system, we use the magnetic
inductive field between two printed spiral coils (PSC) to make an affordable, lightweight,
precise, wireless and passive wearable sensor. Its simple hardware allows us to take the
advantage of printable circuit technique to make a disposable sensor [13], [14]. This unobtrusive
wearable can easily be carried by a person to achieve the 24/7 physiological monitoring.
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1.2 RELATED WORK
The similar works to this study can be classified in two fields, the techniques for collecting
the physiological signals by a wireless wearable sensor and, designing a pair of near-filed
inductive coils as the media for wireless connection.
1.2.1 Wireless wearable sensors
Observing the bio-signals have been the focus of many researches with different techniques.
The methods can be divided in two major categories: Active and Passive sensors.
I) Active sensors. Most of the researches report the body-worn sensors with an active
connection technique. An active wearable gives a better SNR, reliable connection for long
distance. However, they are complicated, powered by a source, costly, usually heavy and not
comfortable to be carried for a long time. WiFi, Bluetooth, NFC, and RFID are the common
active methods.
The sensing capability of backscattered signal from a RFID tag can be used in healthcare
application [15]-[18]. Although an active transponder requires an energy source, a passive
transponder also needs an active component (ASIC) which is usually powered by the received
RF signal [19] or harvested from an external source such as light [20]. In general, resolution
[21], power supply, and antenna design complexity are the characteristics that remove the RFIDbased sensors from the scope of this work. The NFC as the specific type of RFID works on the
near field static magnetic field and has the same concept and design approach [22].
Bluetooth Low Energy (BLE) is an alternative wireless method that mostly is used in
commercial products like smartwatch [23]. A Bluetooth wearable relies on RF signal and digital
encoding techniques for wireless link which require battery or power harvesting technique [24].
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WiFi is a reliable and powerful wireless communication technique reported in many
researches [25]-[27]. However, like other active methods, its complexity and cost take this
method out of our scope.
II) Passive sensors. Most fully passive wearable sensors use a pair of inductive coils in the near
field connection to transfer an analog signal. In this approach a physiological signal is converted
to a variable capacitor by a capacitive transducer and modulates the frequency generated by the
active circuit in the scanner [28]. An FM demodulator detects the probed bio-signal by
converting the frequency to voltage [29]. The frequency modulation nature makes this method
insensitive to the EMI, however, the frequency modulation in response to a bio-signal, requires
wide frequency band. In addition, the stray capacitors can easily affect the transducer
capacitance, especially in proximity to the body for a wearable sensor. Moreover, the varactor
sensor is not as cheap and accessible as its counterpart in the proposed resistive method.
Another fully passive method is chip-less RFID [30] or threshold RFID [15] in which antenna
deformation shifts the resonance frequency. However, these methods do not have enough
resolution as they work like a multi-level switch or they are working in far-field with Gigahertz
frequency range [30].
1.2.2 Near-filed Inductive Coils
The near and far fields wireless communication work on different physics and thus show
different characteristics. A far-field link relies on RF waves while in near-field the two loop
antennas are connected by the magnetic inductive field. According to the different physics ruling
on the RF and magnetic fields, the antenna design requires specific consideration. The
electromagnetic waves with 866 MHz to 5 GHz frequency range connect two dipole antennas in
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far-field RFID and while the distance between antennas can be up to 5-6 m, the antenna design,
power emission safety, and cross talk can be considered as the main challenges [15].
In contrast, the near field RFID relies on static magnetic field at lower frequency range and
𝜆

shorter transmission distance (𝐷 ≤ 0.1 2𝜋). The antenna design is less complicated and is
characterized by mutual inductance between the loop coils [31]. According to the literatures, the
Wireless Power Transfer (WPT), near-field RFID, and NFC are the wireless technics work on
near field connection and report the coil optimization study with their own objective functions.
While the maximum power efficiency is targeted in WPT [32]-[33], impedance matching
(with ASIC) is the near-field RFID concern [34]-[36], and the metal cover interference is the
research focus in the NFC application [37]-[38].
To the best of our literature review, there is no generic or specific method for near-field coil
optimization and misalignment compensation that is applicable for sensitivity objective function.
1.3 RESEARCH OBJECTIVES
The research objectives can be abstracted as designing and implementing a pair of printed
spiral coils and the required circuits to connect an active scanner and a passive sensor at 13.56
MHz (within ISM band) frequency to achieve the maximum sensitivity with minimum
susceptibility to misalignment.
Any bio-signal resistive transducer such as pulse oximetry and heart rate are applicable in this
system. In addition, a biopotential like ECG can be probed by assisting an interface circuit to
convert voltage to resistor [39]. The developed method can also be applicable to wireless power
transfer for medical implants and industrial application by redefining the power efficiency as the
objective function instead of sensitivity. A customized health tracking app created in conjunction
with this study allows patients and caregivers to monitor the health by observing physiological
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signals and some event of interest (EOI) [40]. The development of the sensor and the app give
patients a new method of health monitoring that not only increases their awareness of their EOI,
but it also reduces the need for frequent hospital visits.
The objectives are achieved in the following steps:
I)

Determine and formulize the sensitivity as the objective function

II) Proposing and comparing different methods to optimize the objective function with no
misalignment
III) Introducing the lateral and axial misalignments to design and optimize a pair of coils with
the related circuit components to obtain maximum sensitivity and misalignment tolerance
1.4 ACHIEVEMENTS
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Chapter 2
PSC OPTIMIZATION OF 13.56 MHZ RESISTIVE WIRELESS ANALOG PASSIVE
SENSORS
2.1 INTRODUCTION
Monitoring physiological signals in the regular life setting plays an important role in early and
precision diagnostic and health tracking. Wireless wearable sensors as the general solution for
continuous monitoring remove obtrusive wires, that are susceptible to noise and disconnection,
making them more practical. A challenge for wireless wearable sensors is battery that makes
them heavy, costly and requires maintenance. Hence, fully-passive wireless sensors that do not
require battery at the sensor-side are suitable as body-worn sensors. We have previously
presented [1], [2] a novel resistive wireless analog passive sensor (rWAPS) based on inductive
coupling between sensor board and interrogator that employed printed spiral coils (PSC) instead
of the traditional solenoid coils that cannot be printed and has thicker profiles. Inductive
coupling has been used extensively for power transmission in remote charging and implanted
devices [3]-[12]. In order to have more comfortable wearing experience, they need to be flexible
(thin profile), smaller (in size), and lightweight, and be sensitive over wide range of distances
between sensor and interrogator coils. These coils occupy most of the floor plan of the sensor,
hence, should be small in size with high sensitivity. However, these two factors usually have the
reverse trend [1], [3], [5], [11] meaning that increasing sensitivity needs larger coil and
decreasing the coil size weakens the mutual inductance that ends up to lesser sensitivity for the
same amount of power consumption.
Even though Radio Frequency Identification (RFID) and Near Field Communication (NFC)
based sensor-tag are fully-passive and low cost, they are usually not optimal for physiological
signal collection. These techniques utilize digital data encoding techniques for wireless link,
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which requires higher power compared to its counterpart of wireless analog passive sensor
(WAPS). Generally, in an RFID, power circuits and other low-power chips, consume energy that
make them an unsuitable option for wearable sensors compared to WAPS [13], [14]. Moreover,
resolution and sensitivity are still the bottlenecks of sensor-tag RFID [13], [15]. It should be
noted that a typical RFID works once it is in reader’s field and it requires power-up time that
limits the sampling rate for high frequency biopotentials like ECG [13], [14].
One implementation of WAPS relies on capacitive variation of a varactor that responds to
bioelectric signals. Towe et al. [16]-[19], Chae et al. [19]-[21], and Lekkala et al. [22] are among
the pioneers to develop such capacitive WAPS (cWAPS). In those studies, an LC resonator with
capacitive sensing (realized with a varactor) caused changes of the resonance frequency, fc, of
the inductively coupled or backscattered signals. A surface acoustic wave (SAW) chip has been
used as a delay line for the modulated signals, thus differentiating backscattered signal from the
interrogating signal [20], [23], [24].
In [25], ECG was recorded from 5 cm distance by two detecting methods: slope detector and
phase locked reader. A major drawback of cWAPS sensing is that it is limited to voltage sensing
only. Furthermore, the cWAPS approach is based on frequency modulation (FM), as the resonant
frequency (fc) shifts due to the LC tank circuit. Thus, the interrogator requires a relatively larger
bandwidth (BW) for each sensor and complex FM demodulator circuit must be implemented in
the interrogator. Furthermore, very limited availability of capacitive transducer for various
physical signals severely constrains its applicability.
In contrast, we have proposed an alternative technology, rWAPS, that is comprised of an RLC
tank circuit where the inductor (L) and capacitor (C) determine the resonant frequency (fc) for
probing, while the load resistance (R) is a resistive transducer suitable for physiological signal
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measurement [1], [2], [26]. The working principle of rWAPS is based on the alteration of quality
factor (Q) at the tuned frequency as the modality of measurement. The significant advantage of
resistive transducer is that various physical signals can be measured with resistive transducers
(such as light, pressure, temperature) as well as bioelectric potentials can also be measured (with
MOSFET as we have demonstrated earlier [2]). Furthermore, since the amplitude modulation
(AM) operates in a narrower bandwidth (BW), the technique allows a larger number of sensors
to be probed simultaneously within a given wireless BW and narrow bandwidth (or high Q)
increases the sensitivity [3], [4], [12]. Moreover, AM demodulators have less complexity
compared to FM detectors. In addition, most of such resistive transducers are readily available as
components off-the-shelf (COTS) providing a large selection of low-cost physical signal
measurement options.
We have previously presented a paper [27] that describes a method to optimize the PSC in
order to have optimum inductive link in terms of smaller PSC size, higher sensitivity, and larger
distance between coils. Within this scope of rWAPS, the PSC size, sensitivity and power
consumption for the same distance are the appropriate criteria for evaluating PSC designs. In
[27], we presented the coil optimization procedure and the experimental results for probing biosignals. This paper extends these results in terms of comparing output sensitivities between a
commercial PSC design and our optimized design.
Even though the coil design optimization research was conducted for some aspects like
maximizing coupling coefficient (k) [9], maximizing the inductance density (Hennry/occupied
area) [3], or strongly coupled regime [9], there are only a few works reported on coil
optimization for maximizing the power efficiency [5], [11]. Furthermore, our previous report on
rWAPS [1], [2] employed a coil design provided by Texas Instruments (TI) in Sec. 6 to 8 of [28].
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In this paper, we extend our work and present the comparison results of power consumption and
sensitivity between an optimized PSC (based on an iterative algorithm) and a design provided by
Texas Instruments (TI). We utilized various commonly used constraints for PCB fabrication,
such as track width, space between tracks, and maximum coil size. The resultant optimal design
was fabricated with dimensions of w = 762 µm (30 mil), s = 508 µm (20 mil) and coil area = 20
mm× 20 mm while the PSC designed by Texas Instruments (TI) has dimensions of 50 mm × 38
mm (rectangular). The experimental results show better sensitivity and generally less power
consumption for the optimal design.
2.2 HARDWARE CONCEPT
Fig. 2.1 shows the concept of rWAPS. The sensor side is fully-passive and includes the
resistive sensor and secondary coil with a tuning capacitor, such that the secondary has the same
resonance frequency as the primary. Rsensor is a resistive transducer that converts the
physiological signal of interest to electrical resistances. The primary is excited with an input
voltage at 13.56 MHz and transducer variation modulates the output voltage at the primary coil
that is proportional to the sensitivity of the resistive sensor at the secondary coil.
The sensitivity depends on the distance between the coils, the power delivered by VOSC, values

RSensor

Fig. 2.1. The concept of rWAPS. Variation of resistive sensor changes the primary voltage
proportional to mutual inductance.
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of Rsensor, and the coil’s specifications including self and mutual inductances and their quality
factors. The goal of this work is to have higher sensitivity with less delivered power. To achieve
higher sensitivity with lower power, the efficiency from power source to RSensor needs to be
maximized.
2.2. (a) Theory
Fig. 2.2 shows the schematic of rWAPS. CP1, RS1, L1 and CP2, RS2, L2 are the equivalent
components for primary and secondary PSC, respectively. C1 and C2 are the tuning capacitors to
adjust resonance frequencies on the desired values. CS is the series matching capacitor between
the primary coil and the signal generator (VOSC). It can be shown [3], [5], [8] that the overall
power efficiency (𝜂) is dominated by:
𝜂=𝑅

𝑅𝑟𝑒𝑓
𝑟𝑒𝑓 +𝑅𝑆1

×

𝑄2𝐿
𝑄𝐿

𝑘 2 𝑄 𝑄2𝐿

= 1+𝑘 2 1𝑄

1 𝑄2𝐿

×𝑄

𝑄2

(1)

2 +𝑄𝐿

where: Rref is the reflected resistor from secondary to primary side:
𝑅𝑟𝑒𝑓 = 𝑘 2 𝑅𝑆1 𝑄1 𝑄2𝐿

(2)

k is the coupling factor between two coils, Q1, Q2 and Q2L are the quality factors of primary,
secondary without load, and secondary with load, respectively and they are calculated from the
following equations [5]-[7], [29]:
𝑄1 =

𝐿1 .𝜔0

(3)

𝑅𝑆1

Primary Coil
K

RS1

CS

RS2

RSensor

RS1

``

VOSC

Secondary Coil

C1

CP1

L1

L2

CP2

C2

RREF

Fig. 2.2. The detail of rWAPS and the concept of reflected resistor (at the resonance
frequency) from secondary to primary.
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Equations (1) to (6) calculate the power efficiency based on the circuit with equivalent
components of primary and secondary coils. Equivalent self-inductance (L) and parasitic resistor
(R) and capacitor (C) can be calculated from the coil’s physical characteristics with the following
equations [3], [5], [11], [30]:
𝐿=

1.27𝑛2 𝜇0 (𝑑𝑜 +𝑑𝑖 )
4
𝑙

[𝑙𝑛 (

2.07
𝜑

) + 0.18𝜑 + 0.13𝜑 2 ]

𝑡

(7)

𝑐
𝑅𝑆 = 𝜌 𝑤.𝑡
× 𝛿.(1−exp (−𝑡⁄𝛿))

(8)

𝛿 = √𝜌⁄𝜋𝜇𝑓 (Skin effect)

(9)

Conductor length:
𝐿𝐶 = 4𝑛𝑑𝑂 − 3𝑛𝑤 − (2𝑛 − 1)2 (𝑠 + 𝑤)
𝐶𝑃 = 𝐶𝑃𝐶 + 𝐶𝑃𝑆 ≈ (𝛼𝜀𝑟𝑐 + 𝛽𝜀𝑟𝑠 )𝜀0

(10)

𝑡𝐶

𝑙
𝑆 𝑔

(11)

𝐿𝑔 = 4(𝑑𝑂 − 𝑛𝑤)(𝑛 − 1) − 4𝑛(𝑛 + 1)𝑠

(12)

Gap (between tracks) length:

𝜑 in (7) is called “Fill-Factor” and is defined as:
𝑑 −𝑑

𝜑 = 𝑑𝑂 +𝑑𝑖
𝑂

(13)

𝑖

Regarding (1) to (6), power efficiency increases with quality factors, and having larger quality
factor requires smaller coil resistance and larger self-inductance that have opposite trends:
increasing “L” increases “R” as well, unless we increase the track width (w) that ends in larger
coil size. Therefore, for the specific input constraints for maximum coil dimension (dO) and
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minimum space between tracks (s), there is a trade-off between parameters. We attempt to find
the best values that lead to maximum efficiency through an iterative method that has been
provided by [5] to find the optimum values based on given constraints.
2.2. (b) Input Constraints
Fig. 2.3 illustrates the coil parameters. There are some constraints that are defined by the
device application and PCB manufacturer. The minimum limit for the space between tracks (s),
track width (w) and track thickness are defined as 152.5 µm (6 mil), 152.5 µm, and 28.35 gr (1
oz that is equal to 1.5 mil), respectively, by the PCB manufacturer.
Another important constraint is the coil size that is restricted by the device application. We
limit the maximum coil size to 40 mm for primary (dO1max) and 20 mm for the secondary
(dO2max). Table 2.1 shows the applied constraints.
2.3 COIL DESIGN
2.3(a) Iterative method for coil optimization
Designing an optimized coil pair is a multivariable optimization problem. Among different
methods, e.g., “Genetic Algorithm” (GA) or “Particle Swarm Optimization” (PSO), a wellestablished method [5], which reflects the effect of two optimized variables on the other
variables through an iterative method, has been employed for this optimization process. In other
Table 2.1. The specific PSC design constraints
(1 mil = 25.4 µm)
Symbol

Fig. 2.3. Coil parameters

Parameter

Min Max

Comment

w

Track width 6 mil

-

PCB manufacturer constraint

s

Track space

6 mil

-

PCB manufacturer constraint

dO1

Primary Coil

-

40 mm

Application constraint

dO2

Secondary Coil

di

Coil Inner size
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20 mm
-

-

Application constraint
In some applications, it is limited

words, the optimum values that maximize the power efficiency in each step have effect on the
other steps that have to be iteratively performed until having less than 1% (residual error)
improvement in efficiency. Fig. 2.4 shows the flowchart of the optimization algorithm.
2.3(b) Efficiency behavior with coil parameters
To characterize the behavior of the efficiency with coil design parameters, the efficiency was
analyzed over three inputs pairs as shown in Fig. 2.5 to Fig. 2.7. These figures show the
efficiency behavior based on (1) to (13) versus two parameters while the other parameters are
constant, as given in each figure. As it can be seen from Fig. 2.5 to Fig. 2.7, 𝜂 is always
increasing with respect to w1, do1 and 𝜑1 but has a maximum with respect to w2 and 𝜑1 .

Fig. 2.4. Flowchart of the iterative optimization method.
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Fig. 2.5. Simulation results of the effect of Fig. 2.6. Simulation results of the behavior of
primary fill-factor (𝝋𝟏 ) and primary outer size efficiency (η) with primary outer size (𝒅𝑶𝟏 ) and
(𝒅𝑶𝟏 ) on the efficiency (η) (1 mil = 25.4 µm). primary track width (𝒘𝟏 ) (1 mil = 25.4 µm).

Fig. 2.7. Simulation results of efficiency (η)
versus secondary track width (𝒘𝟐 ) and
secondary fill-factor (𝝋𝟐 ) (1 mil = 25.4 µm).
2.3(c) Coil fabrication
The general parameters for the coil design have been listed in Table 2.2. Some of the
parameters are the PCB characteristics, and (α, β) are empirical parameters [5]. Several coil
pairs, based on different constraints, have been designed and fabricated and their specifications
are listed in Table 2.3. L, RS and CP in Table 2.3 are the coil equivalent components
corresponding to Fig. 2.2. Last column of Table 2.3 shows C1 and C2, which are the capacitors to
tune the primary and secondary to the same resonance frequencies. For the larger values of C1
and C2, the primary and secondary resonance frequencies are less sensitive to the parasitic
capacitors. The coils coupling factor (k) is considered as a constant value of 0.07 which is
reasonable for such setup [4], [5], [29], [31]. The optimization process starts with specific s, dO2,
dO1-max, w1,2-min and w1,2-max as the constraints and ends with 𝜑1 , 𝜑2 , dO1 and w1,2. In Table 2.2, n
is the number of turns in the primary and secondary that depends on dO, di, w and s with the
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Table 2.2. Input characteristics of PSC design
Parameter

𝑡𝑐
𝜌, 𝜇𝑟𝑐
𝑡𝑠

Design
Value
38.1* µm
1.7×10-8, 1
1.6 mm

𝜀𝑟𝑠

4.4

𝜀𝑟𝑐
(𝛼, 𝛽)
𝑅𝑠𝑒𝑛𝑠𝑜𝑟
D
f
k

1
(0.9,0.1)
1 kΩ
40 mm
13.56 MHz
0.07

Symbol

Conductor Thickness
Conductor Material Properties
Substrate Thickness
Substrate
Relative Dielectric
(FR4)
Constant
Coating (Air)
Empirical coefficient [1]
Nominal Sensor resistance
Coils separation distance
Carrier frequency
Coupling factor

*: Referring to PCB manufacturer, the conductor thickness is 1 oz that is equal to 1.5 mil
(38.1 µm) [http://OshPark.com].

Table 2.3. Four optimum designs with different input constraints (P:
Primary coil, S: Secondary coil, 1 mil = 2.54 µm)

P

𝑳
(𝝁𝑯)
8.2

𝑹𝑺
(Ω)
3.6

𝑪𝑷
(pF)
7.5

𝒅𝑶
(mm)
40

Design1
𝒅𝒊
𝒘
(mm) (mil)
7.3
20

S

0.7

0.6

1.1

20

11

P

10.7

2.4

10.5

59

10.4

20

𝒔
(mil)
15

𝒏

𝑸

19

227

15

6

103

15

17.4

373

𝜼

C
(pF)
9.3

0.80

207

Design2
40

2.4
0.85

S

1.1

0.9

1.75

20

3.5

19

15

9.5

102

20

9

228

123

Design3
P

2.0

0.76

0.65

40

7.1

50

68.2
0.85

S

1

0.65

1

20

3.5

31

6

9

133

20

9

228

133

Design4
P

2

0.76

2.8

40

7.9

50

65
0.71

S

1.1

2.3

3.5

10

1.8

6

6

13.5

40

123

following equation:
𝑛=

𝑑𝑂 −𝑑𝑖
(𝑠+𝑤)

𝑑

𝜑

𝑜
= (𝑠+𝑤)
× 1+𝜑

(14)

All four designs in Table 2.3, have been optimized for one extremum feature to see the
maximum effect of that specific feature. Design1 has the largest primary turns, Design2 has the
largest dO1, Design3 has the widest w1, and Design4 has the smallest dO2. Design3, with the
highest efficiency, has been selected for this work to compare with the TI provided coil design.
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As explained before, the larger C1 and C2 values make the primary and secondary resonance
frequencies less sensitive to the parasitic capacitors and regarding this feature in Table 2.3, again
Design3 is preferred. Table 2.4 shows the suggested coil by TI (referred as Design0 here) [2],
[28]. Theoretically, Design3 is optimized by the size and power efficiency. The different
footprints of Design0 and Design3 can be compared in Fig. 2.8.
2.4 RESULTS
2.4(a) Test Setup

Table 2.4. Specifications of TI coil (P: Primary coil, S: Secondary coil, 1 mil = 25.4 µm)

P

𝐿
(𝜇𝐻)
0.74

𝑅𝑆
(Ω)
0.5

𝐶𝑃
(pF)
1

S

0.74

0.5

1

Texas Instrument
𝑑𝑂
𝑑𝑖
𝑤
𝑠
(mm)
(mm) (mil) (mil)
50×38 37×28
30
70

𝑛

𝑄

3

126

50×38

3

126

37×28

30

70

𝜂
0.8

C
(pF)
185
185

Fig. 2.8. (Up) PCB layouts and (Down) fabricated PCBs of Design0 and Design3. Design0
(TI design) has the same size of primary and secondary (left figure), while the optimized
coil (Design3) has a smaller secondary (Primary coil in the middle, and secondary coil in
the right).
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After designing and fabricating Design0 and Design3, their equivalent circuits were measured
with an LCR Analyzer (Agilent 4294A, 40 Hz to 110 MHz). The axial separation between
primary and secondary coils for all measurements was 40 mm. The measurement setup is shown
in Fig. 2.9. The input voltage is applied by a function generator (RIGOL DG1022) through a
coaxial cable via an SMA connector and the output is observed with a Spectrum Analyzer
(RIGOL DSA 1030) and an Oscilloscope (Tektronix TDS 1001B). The circuit schematic for both
Design0 and Design3 have the same configurations as shown in Fig. 2.10. In this figure, RS is the
internal resistor of signal generator, and CS is the coupling capacitor for impedance matching.
Rsensor at the secondary side is the resistive transducer whose variation reflects to Vout at the
primary side.
2.4(b) Measurement results
To compare Design3 with Design0, we define the sensitivity as follows:
∆𝑉𝑂𝑈𝑇

Sensitivity = ∆𝑅

(15)

𝑆𝑒𝑛𝑠𝑜𝑟

Spectrum Analyzer
Function Generator

Secondary

Primary

Fig. 2.9. Measurement setup. Vosc is applied by function generator and the output is observed
with spectrum analyzer and oscilloscope. The distance between primary and secondary coils has
been kept at 40 mm for all tests. (Inset: The photographs of the primary and the secondary PCBs
are shown)
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Fig. 2.10. Circuit under test with real measured values with an LCR analyzer for
Design3. Design0 has the similar configuration with: Cs=3.9 pF, C1=240 pF, CP1=1 pF,
R1=0.5 Ω, L1=735 nH and same values for the secondary.
To measure sensitivity with (15), Rsensor is changed from 0 Ω (short circuit) to 15 kΩ while
VOSC (without load) is 10 Vp-p. The sensitivity is too low to be considered for RS more than 15
kΩ because the equivalent parallel resistor of the secondary coil and its tuning capacitor in the
resonance frequency is [32]:
For Design0 (R2 = 0.5 Ω, L2 = 735 nH, f = 12.25 MHz):
𝐿𝜔 2

𝑅𝑒𝑞 = (1 + 𝑄 2 )𝑅𝑆2 = (1 + ( 𝑅 ) ) 𝑅2 = 6.4 kΩ
2

(16)

For Design3 (R2 = 1 Ω, L1 = 1 µH, f = 13.23 MHz):
𝐿𝜔 2

𝑅𝑒𝑞 = (1 + 𝑄 2 )𝑅𝑆2 = (1 + ( 𝑅 ) ) 𝑅2 = 6.9 kΩ
2

(17)

Fig. 2.11 shows the Design0 and Design3 output voltages for comparison. According to Fig.
2.11, Design3 has approximately three times higher output voltage compared to Design0, which
increases SNR and makes it more practical in the actual setting. Fig. 2.12 shows the sensitivity
(defined by (15)), which is the derivative of Vout in Fig. 2.11. Regarding Fig. 2.12, sensitivity of
Design0 and Design3 can be divided into four zones for Rsensor ranging between 0 and 8.2 kΩ.
The sign of (∆𝑉𝑂𝑈𝑇 ⁄∆𝑅𝑠𝑒𝑛𝑠𝑜𝑟 ) reflects that the changes of Vout and Rsensor are in the same
direction (positive sign) or the opposite direction (negative sign). Therefore, the sign is not
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Fig. 2.11. Measurement results of the
output voltage versus Rsensor for Design0
and Design3. Design3 has better response
to Raensor with respect to Design0.

Fig. 2.13. Measurement results of the power
consumption for Design0 and Design3.
There are two zones at the two sides of 2.8
kΩ: on the left side Design3 has 50 µW
more power consumption and in the right
zone Design3 has 20 µW less power
consumption on average.

Fig. 2.12. Measurement results of the
sensitivities for Design0 and Design3 with
different Rsensor. There are four different zones
by which the average sensitivities for both
designs are mentioned in the plot.

Fig. 2.14. Measurement results of the
sensitivities of Design0 and Design3 as
normalized with power consumption.
There are four zones by which only for the
leftmost zone, Design0 shows higher
sensitivity while in the other zones
Design3 is more sensitive than Design0.

important in comparing the sensitivities. In the first zone, Rsensor = 0 to 570 Ω, Design3 has less
sensitivity than Design0, namely the average sensitivity for Design0 is -31 and for Design3 is 19. In the second zone, Rsensor = 570 to 5.6 kΩ, the average sensitivity for Design0 and Design3
is 6 and 32, respectively. In the third zone, Rsensor = 5.6 kΩ to 6.7 kΩ, the average sensitivity of
Design3 is again more than Design0, 3 for Design0 and 16 for Design3. In the fourth zone, Rsensor
= 6.7 kΩ to 8.2 kΩ, the average sensitivity of Design0 is 40 and for Design3 is 45, which means
that Design3 is again more sensitive. Generally, when a sensor is driven with more power, the
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response is expected to be higher. Thus, in comparing the two coil designs in rWAPS, the
amount of the power delivered by the signal generator needs to be considered and the sensitivity
defined by (15) should be normalized with the delivered power. Delivered power is calculated
by, first, measuring Vin and Vout (Fig. 2.10), and then, using the following equations:
𝑉𝑖𝑛 −𝑉𝑜𝑢𝑡
1⁄𝑗𝜔𝐶𝑆

(18)

𝑃 = 𝐼𝑆 × 𝑉𝑖𝑛

(19)

𝑃𝑎𝑣 = ∫ 𝑃𝑑𝑡

(20)

𝐼𝑆 =

According to (18) to (20), by changing Rsensor from zero to 8.2 kΩ and measuring Vout and Vin,
Pav was calculated and is drawn in Fig. 2.13. Regarding Fig. 2.13, there is no significant
difference between the two designs in terms of delivered power. In Fig. 2.13, the average
delivered power can be split into two zones, by which in the left one (Rsensor = 0 Ω to Rsensor = 2.8
kΩ), Design3 consumes 50 µW (2.5%) more power than Design0 and in the right zone (Rsensor =
2.8 kΩ to 8.2 kΩ), Design3 consumes 20 µW (1%) less power than Design0. Thus, there is no
significant difference between the two designs in terms of power consumption.
Fig. 2.14 shows the sensitivity that is normalized with delivered power. Regarding Fig. 2.14,
normalized sensitivity can be split into four regions, by which in three regions Design3 has higher
sensitivity than Design0.
2.5 DISCUSSION
Since the iterative method calculated the coils’ specifications based on maximum power
efficiency, having higher normalized sensitivity with almost the same power in Design3
compared to Design0 was predictable. Even comparing the two designs in terms of sensitivity
(not normalized) (Fig. 2.12) verifies that the new design (Design3) has higher sensitivity in most
regions, regardless of power consumption. It can be explained in the way that if the coil design
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has been optimized for highest power transfer from primary to the secondary, it has been
optimized for highest reflected or backscattered signal from secondary to the primary, as well.
According to Fig. 2.12, there are some variations in the sensitivity with Rsensor for both
designs. It is worth to investigate in future work, but it might be the effect of Rsensor on the
coupling factor (k), quality factor, and the resonance frequency. Regarding the input parameters
for coil optimization in Table 2.2, the coil pair has been optimized for Rsensor = 1 kΩ, and it is
seen from Fig. 2.12, that one of the maximum sensitivities of Design3 happens in this resistance,
but changing Rsensor affects the other parameters and changes the sensitivity. In this paper, the
coil has been optimized for specific Rsensor (1 kΩ) and consequently, for the specific quality
factor, coupling factor, and resonance frequency that regarding Fig. 2.14, the result verifies the
optimization. It is expected that a better result or higher sensitivity can be achieved by
performing the optimization process for different values of Rsensor and its associated parameters
and then choosing the region of Rsensor in which the sensitivity is maximized. The optimization in
this work has been performed for 13.56 MHz resonance frequency. However, since the
frequency affects the impedance and quality factor, the optimization algorithm will lead to
different coil specifications at other resonance frequencies.
2.6 CONCLUSION
We have utilized an optimization algorithm that uses given constraints (size and fabrication)
to design an optimum PSC. The optimum PSC has been designed within specifications (width
and space of tracks, number of turns in primary and secondary coils and the primary size) to
achieve the best power efficiency from carrier signal generator to the transducer. We also
fabricated several coil pairs with different size constraints based on an iterative optimization
method to have the best sensitivity of the output voltage to the resistive transducer. The best
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design in the sense of size and power efficiency has been tested, and compared to the standard
coil pair provided by TI in terms of power consumption and sensitivity. While the optimized coil
has less than half size (secondary) of the TI coil, it shows better sensitivity and almost the same
power consumption.
In this paper, we have measured the best sensitive region (of Rsensor) for each design that
should be considered in the application of rWAPS. The proposed coil design optimization will
enable design of efficient fully-passive sensors that operate on inductive loading principle such
as rWAPS. Such fully-passive sensors can have practical applications in wearable sensors for
unobtrusive monitoring of patients for physiological signals at home and during routine daily
activities. As rWAPS requires only a few inexpensive components, wearable sensors based on
rWAPS can further be fabricated using flexible substrates that make them more comfortable,
lighter, low cost, and disposable. On the other hand, flexible coils are subject to bending and it
will change the coupling factor and efficiency. Future work will investigate the effect of bending
on sensitivity that has impact on wearable and body-worn sensors development.
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Chapter 3
DESIGN AND OPTIMIZATION OF PRINTED SPIRAL COILS FOR WIRELESS
PASSIVE SENSORS
3.1 INTRODUCTION
Wearables can provide continuous long-term monitoring of physiological parameters that
allows the detection of abnormality and the variation of symptoms’ severity at the natural life
setting instead of confined clinical setup. This is feasible due to advancements that produces
lightweight and low-power wearable medical devices and sensors. However, capturing
physiological parameters might require multiple sensors on the body. Fully-passive (battery-less)
sensors is promising technology for this case. The optimization of a fully passive wireless sensor
is essential, which is addressed in this paper in progress of our previous research [1].
Bluetooth and WiFi are two common wireless techniques that have been dominantly
employed in the medical wearable sensors researches and applications [2],[3]. The battery
requirement, power consumption, hardware complexity, and cost are the major barriers of these
active wireless sensors that led to exclude these methods from the scope of this study. In regard
to fully passive sensors, Radio Frequency Identifier (RFID) as another wireless technique is also
utilized in the wearable system researches and applications [4]. The active chip on the RFID tag
requires a power source that is supplied by wireless signal, an embedded battery, or power
harvesting. Such existing passive technologies can share the findings from this study.
We have previously reported [1] a novel Wireless Resistive Analog Passive (WRAP) sensor
that a pair of planar spiral coils (PSC) provide an inductive coupling (magnetic connection) at
13.56 MHz between the scanner (reader) and the sensor. In this approach, the variation of a
resistive transducer causes variation of inducting coupling (Q) to the scanner (primary side). The
overall system performance is measured by sensitivity of the link, i.e. the primary voltage
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changes in response to the transducer variations. A Wireless Capacitive Analog Passive (WCAP)
transducer that responds to the body signal employs the same idea of magnetic inductive
connection between a fully passive sensor and a scanner circuit as well [5]. The transducer
variation in response to the bio-signal modulates the resonance frequency of the LC resonator on
the sensor side. In WCAP method, the transducer capacitance range affects the coil selfinductance optimization, and as a result, the coil design, overall sensitivity, and resonance
frequency cannot be independently designed. On the other hand, in the WRAP [1], the coil
characteristics can be optimized for desired resonance frequency and maximum sensitivity
independently from the transducer. In addition, a WCAP is more vulnerable to the capacitance
disturbances due to body vicinity that affects the probed signal and consequently it declines the
associated signal to noise ratio (SNR) [6]. Moreover, the frequency modulation (FM) nature of
this technique of WCAP requires a larger bandwidth (BW) and complex FM demodulator in the
scanner circuit compared to WRAP. Furthermore, the availability of capacitive transducers for
different physical signals limits their application further. Towe [7] and Schwerdt [8] reported the
bio-potential by a varactor transducer through an RF backscattered signal. The major drawback
associated with this method in addition to the discussed concerns, is their limited application to
the bio-potentials.
In contrast, WRAP sensor method uses resistive variations for both physical signals and biopotentials, with the help of a resistive transducer or a transadmittance (e.g., MOSFET) device,
respectively [9]. In this paper we attempt to maximize the sensitivity, viz. the primary’s
amplitude modulated voltage in response to a unit change in the transducer resistance, through
designing a pair of optimum PSC by considering the size and fabrication constraints. To the best
of our knowledge, existing literature on the inductive wireless connection mainly focus on the
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Magnetically Coupled Resonant Wireless Power Transfer (MCR-WPT) in both industrial and
medical fields [10].
Near field antenna design has been also studied in the RFID and Near Field Communication
(NFC) researches. However, their concern about impedance matching, power transfer, data
transmission rate, and metal proximity (in NFC) are addressed by component adjustment,
antenna shape, and ferrite shielding without discussing the antenna detailed design [11]. The
maximum power transfer as the objective function was previously used to design a pair of PSC
with some constraints where the measurements results showed the sensitivity was maximized, as
well [1]. By targeting the sensitivity as the objective function, we employed and compared the
theoretical results of Genetic Algorithm (GA) and four other deterministic methods for
optimizing PSCs’ profile [12]. In this paper, the optimization results of GA, iterative, and
analytical methods are compared, and it shown that the GA results can be improved by
optimizing the circuits’ components prior to the coil optimization. The GA result showed the
highest sensitivities and due to its fast and less complex algorithm, its result has been considered
as the optimum PSC pair and has been fabricated in three samples. The experimental sensitivity
measurement results of the fabricated boards show less than 9% and 5% disagreement with
analytical and simulation results, respectively.
The remainder of this paper is organized as follows. In sections, 2 and 3 the hardware
concept, schematic model and the analytical equations are explained. Section 5 describes the
different methods for coil optimization and the results are presented section 5. Section 6
concludes the paper. The susceptibility to the capacitors and coil profile tolerances are discussed
in supplementary documents.
3.2 THE HARDWARE MODEL AND EQUATIONS
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3.2.1 Circuit Schematic. Fig. 3.1 shows the concept of a WRAP system. It consists of a primary
and a secondary circuit that are also known as scanner and sensor, respectively. The resistive
transducer variation in the passive secondary side modulates the primary coil voltage through the
magnetic field between a pair of PSC. A sinusoidal AC supply drives the primary circuit at 13.56
MHz within the Industry, Scientific and Medical (ISM) frequency band. Here, "sensitivity" is
defined as the normalized primary voltage (VOUT/VOSC in Fig. 3.1) change to a unit change of
transducer resistance as follow:
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑑(𝑉𝑂𝑢𝑡 ⁄𝑉𝑂𝑠𝑐 )
𝑑𝑅𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟

(Ω−1 )

(1)

The matching/resonator block in Fig. 3.1 consists of capacitors to tune both primary and
secondary resonance frequencies on 13.56 MHz as well as matching the impedance between the
primary coil and the AC supply. Fig. 3.2 shows the complete circuit schematic where RP (RS), CP
(CS), and LP (LS) are the primary (secondary) PSC equivalent components, Ctp (Cts) is the tuning
capacitor for primary (secondary) resonator, Rin is the AC supply internal resistance, and Cin is
the matching impedance. We have shown that although the primary and secondary capacitors
(Ctp and Cts in Fig. 3.2) can be in series with the coils, the arrangement shown in Fig. 3.2, called
parallel in primary and parallel in secondary (PP), shows the highest sensitivity and lowest
susceptibility to the coils self-inductance tolerance [13]. The sensitivity in (1) depends on the

Fig. 3.1. (L) The concept of sensitivity. (R) ΔVOut in response to ΔRT
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K

Fig. 3.2. Circuit schematic of WRAP system. Ctp and Cts are primary and secondary
trimmer capacitor, respectively and k is the coupling coefficient.
component values and the mutual inductance between the primary and secondary coils, M, that is
defined by the primary and secondary self-inductances (𝐿𝑃 and 𝐿𝑆 ) and the coupling coefficient
in (2).
𝑀 = 𝑘√𝐿𝑃 𝐿𝑆

(2)

Coupling coefficient (k) depends on the coil physical relative position, size, physical shape,
and environment objects. The coupling factor is assumed as constant parameter in the
optimization process and in the range of this experimental study, k is considered as 0.08. Upon
this assumption, the sensitivity becomes a function of the circuit components, as shown in Fig.
3.2.
3.2.2 Equations. There are two groups of equations: the circuit analytical equations and the
PSC’s physical equations. The analytical equations determine the sensitivity (1) as a function of
the electrical components shown in Fig. 3.2 and the PSC’s physical equations describe the
relation between the PSC equivalent electrical components and its physical profile.
According to Fig. 3.3, the analytical equations are defined in (3)–(8) to calculate the
normalized primary voltage (output voltage) derivative vs transducer resistance.
𝑍2 (𝑅𝑇 ) = 𝑅𝑆 + 𝑗𝜔𝐿𝑆 + 1

1

(3)

⁄𝑅 +𝑗𝜔𝐶2
𝑇
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Fig. 3.3. Equivalent circuit of the schematic shown in Fig. 3.2. Here:
C1=Ctp+Cp and C2=Cts+Cs, VP=VOut, and RT=RTransducer.
𝑍𝑅 (𝑅𝑇 ) =

[𝑀×𝜔]2
𝑍2 (𝑅𝑇 )

=

[𝑘×𝜔]2 𝐿𝑃 𝐿𝑆

(4)

𝑍2 (𝑅𝑇 )

𝑍1 (𝑅𝑇 ) = 1⁄(𝑗𝜔𝐶1 + 𝑅

1

)

(5)

𝑃 +𝑗𝜔𝐿𝑃 +𝑍𝑅 (𝑅𝑇 )

1

𝑍𝑖𝑛 = 𝑅𝑖𝑛 + 𝑗𝜔𝐶

(6)

𝑖𝑛

𝑉𝑂𝑈𝑇 (𝑅𝑇 )
𝑉𝑖𝑛

𝑍1 (𝑅𝑇 )
(𝑅
1 𝑇 )+𝑍𝑖𝑛

=𝑍

Sensitivity (𝑅𝑇 ) =

(7)

𝑑(𝑉𝑂𝑈𝑇 ⁄𝑉𝑂𝑆𝐶 )
𝑑𝑅𝑇

𝑍1 (𝑅𝑇 )
)
(𝑅
1 𝑇 )+𝑍𝑖𝑛

𝑑

= 𝑑𝑅 (𝑍
𝑇

(8)

Fig. 3.4 shows the PSC physical characteristics and equivalent circuit. Coil equivalent series resistor is
defined in (9)-(12) [14].
𝑡

𝜌

𝐿

𝐶
𝑅 = 𝑅𝑑𝑐 × 𝛿(1−𝑒𝑥𝑝(−𝑡⁄𝛿)) = 𝑊 × 𝛿(1−𝑒𝑥𝑝(−𝑡
⁄𝛿 ))

(9)

where: t is conductor’s thickness and according to the PCB fabricator it is 0.96 mm, ρ is
conductor’s resistivity (1.68×10-8 Ω.m for copper), w is conductor’s width (as shown in Fig.
3.4), n is number of turns in the coil, µ is the magnetic permeability of conductor (1.26×10-6
H/m for copper), δ and LC are the skin depth and conductor length, respectively and are defined
in (10) and (11).
𝜌

𝛿 = √𝜋𝜇𝑓

(10)

𝐿𝐶 = 4𝑛𝑑𝑂 − 3𝑛𝑤 − (2𝑛 − 1)2 (𝑠 + 𝑤)

(11)
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Fig. 3.4. (L) PSC physical characteristics, (R) the equivalent circuit.
Two adjacent tracks form a capacitor that is defined in (12) [14]. Its dielectric splits between
board coating (air) and the Printed Circuit Board (PCB) board substrate (FR4) with the relative
dielectric constant 𝜀𝑟𝑐 =1 and 𝜀𝑟𝑠 = 4.4, respectively.
𝐶 = (𝛼𝜀𝑟𝑐 + 𝛽𝜀𝑟𝑠 )𝜀0

𝑡×𝐿𝐺

(12)

𝑆

α and β are the empirical constants, 𝛼 = 0.9, 𝛽 = 0.1, LG is the gap length between two tracks,
defined in (13), and s is the space between tracks (Fig. 3.4).
𝐿𝐺 = 4(𝑑𝑂 − 𝑛𝑤)(𝑛 − 1) − 4𝑛(𝑛 + 1)𝑠

(13)

Since the PSC self-inductance has a critical influence on the sensitivity, the comparison of
the calculation results between the different methods: Current Sheet [15], Modified Wheeler
[15], Modified Grover [16], and Monomial Fit [16] showed that the Current Sheet has the
minimum deviation from the experimental results. Therefore, the Current Sheet with the equation
defined in (14), has been adopted for the PSC self-inductance calculation [15].
𝐿=

1.27𝜇0 (𝑑𝑂 +𝑑𝑖 )𝑛2
4

2.07

[𝑙𝑛 (

𝜑

) + 0.18𝜑 + 0.13𝜑 2 ]

(14)

where 𝜇0 is the air magnetic permeability and 𝜑 is called fill-ratio:
𝑑 −𝑑

𝜑 = 𝑑𝑂 +𝑑𝑖 = 𝑑
𝑂

𝑖

𝑛(𝑠+𝑤)−𝑠

(15)

𝑂 −𝑛(𝑠+𝑤)+𝑠

If s < 3w the maximum error for (14) is less than 8% [15].
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3.3 METHODS
The sensitivity (8) is a multivariable function including PSC physical specifications (Fig. 3.4):
number of turns (n), conductor width (w), space between two tracks (s), PSC's outer and inner
sizes or diameters (dO and di) for both primary and secondary as well as circuit components: Ctp,
Cts, and Cin. A sensor with 1 KΩ resistance is considered as the target transducer. The objective
function in (8) along with (9), (12), and (14) form a complex multi-variable function.
By choosing the secondary coil size as small as 20 mm for ease-of-use of the sensors and
users' comfort, the variables reduce to ten: 𝑑𝑂1 , 𝑛1 , 𝑠1 , 𝑤1 , 𝑛2 , 𝑠2 , 𝑤2, Ctp, Cts, Cin. The coil’s
internal size is defined from the conductor’s width, the gap between two conductors, number of
turns, and the PCS’s external size as follows:
𝑑𝑖 = 𝑑𝑂 − 2𝑛𝑤 − 2(𝑛 − 1)𝑠

(16)

To make the optimization faster and more accurate, we break the optimization process in two
steps. In first step, the best components including primary/secondary self-inductances and the
capacitors are explored and in the second step, by using the results of first step, the best coil
physical characteristics are explored to make the coil’s self-inductances from step one.
3.3.1 Electrical components optimization. According to Figs. 3.2 and 3.3, the tuning and the
coil intrinsic capacitors form two parallel capacitors in the primary and secondary are denoted as
C1 and C2. For any LP and LS pair, a unique combination of C1, C2, and Cin maximizes the
sensitivity which are determined in the first optimization step within the specified range of LP
and LS. Table 3.1 (see Appendix) shows the maximum sensitivity and the optimum component
values for two self-inductances ranges that are chosen based on the feasible self-inductances by
considering the size constraints (for more details see the supplementary documents).
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3.3.2 Optimization of PSC structure. In the second step, we maximize the sensitivity object
function (8) for the PSC primary and secondary profiles,(𝑑𝑂1 , 𝑛1 , 𝑠1 , 𝑤1 , 𝑛2 , 𝑠2 , 𝑤2 ) by using the
results of the first step in Table 3.1 (see Appendix). We use three approaches to find the
optimum coil’s profile: Genetic Algorithm (GA), Iterative, and Analytic. GA as a fast and
appropriate method for a multivariable and complex function does not provide any circuitry and
(fabrication) tolerances insight. Analytic approach for the circuitry analysis and the iterative
approach as the method that we have used before [1] are also utilized for comparison. In all the
following methods, the condition in (17) is satisfied to keep both coil’s self-inductance and
quality factor at the maximum level [17], simultaneously.
𝑑𝑖𝑗 = 𝑑𝑂𝑗 − 2𝑛𝑗 𝑤𝑗 − 2(𝑛𝑗 − 1)𝑠𝑗 ≥ 0.5𝑑𝑂𝑗

(17)

where j=1 for primary and j=2 for secondary coil.
3.3.2.1 Iterative optimization method. We had adopted an iterative method for coil’s profile
optimization previously [1], and we use it here with some modifications as shown in Fig. 3.5. In
this method, each step maximizes the sensitivity objective function (8) for two variables out of
seven within the defined range and the iteration repeats if the objective function growth is good
enough or greater than a specified value (known as error).
3.3.2.2 Analytical optimization method. Fig. 3.6 shows the flowchart of analytical method.
This method gives analytic insight to the coil design. In the two other optimization methods, by
using the optimum capacitors in Table 3.1 (see Appendix), the best primary and secondary coil
profiles are found with no tolerance analysis. However, the Analytical method starts with
optimum self-inductances in Table 3.1 (see Appendix) and tries to find the coil profiles that
generate the optimum self-inductances with minimum error and least susceptibility to the
tolerances.
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The optimum LP and LS in Table 3.1 (see Appendix) are not precisely feasible due to the
discrete nature of the coil physical elements: 𝑛, 𝑠, and 𝑤. In addition, a PSC with a specific selfinductance does not have a unique profile (𝑑𝑂 , 𝑛, 𝑠, 𝑤). Moreover, the optimum design is the one
that has the minimum change due to the fabrication tolerances: ∆𝑠 = ±1 𝑚𝑖𝑙 and ∆𝑤 =
±0.5 𝑚𝑖𝑙, according to the PCB fabrication service (Oshpark LLC) used in this study. Hence, the
best profile is the one with minimum error to the optimized LP and LS and minimum effect of
fabrication tolerance on sensitivity. According to Fig. 3.6, steps 2 and 3 indicate excluding the
coil profiles whose self-inductances do not meet the minimum error to the target self-inductance
due to the coil discrete characteristics. Steps 4 and 5 in Fig. 3.6 rank the effect of fabrication
tolerances on the sensitivity and adopt the profiles with the minimum vulnerability to the
tolerances.
3.3.2.3 Genetic Algorithm (GA) optimization method. A typical classic optimization
algorithm generates a single point and through an iterative deterministic computation tries to
approach to the optimum point, whereas GA generates a broad random population and by using
different methods of mutation, crossover, scaling and selection, finds the next generation to
converge to the optimum point. In addition, GA is fast and appropriate method for a discrete
function with no need to straightforward derivative. GA is described with the flowchart in Fig.
3.7. In the Coil optimization problem, all the variables are specified as discrete with the lower
and upper bounds specified in Table 3.2 (see Appendix). The nonlinear constraints in (17) define
a minimum limit for the primary and secondary internal coil sizes. The important GA setting in
the coil optimization problem are shown in Table 3.3.
3.4 THEORETICAL RESULTS
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This section presents the theoretical results of the optimization methods described in Section
3.3.2. The optimum capacitors for range (LP: 3 to 5 µH and LS: 3 to 6 µH) in Table 3.1
(Appendix), are applied for the three optimization methods. For all calculations the coupling
Start
𝑥 = [𝑑𝑂1 𝑛1 𝑠1 𝑤1 𝑛2 𝑠2 𝑤2 𝑅𝑇 ]
𝑋𝑖𝑛 = [20 2 6 6 2 6 6 1𝐾𝛺]
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 = | 𝑑 (𝑉𝑂𝑈𝑇 /𝑉𝑂𝑆𝐶 )/𝑑𝑅𝑇 |
𝑑𝑂1 = 20: 60,
𝑛1 = 1: 20
𝑥 = [𝑑𝑂1 𝑛1 𝑠1 𝑤1 𝑛2 𝑠2 𝑤2 𝑅𝑇 ]
[𝐷𝑂1 , 𝑁1 ] = 𝐹𝐼𝑁𝐷 {𝑚𝑎𝑥 (𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑥)}
𝑋 = [𝐷𝑂1 𝑁1 𝑠1 𝑤1 𝑛2 𝑠2 𝑤2 𝑅𝑇 ]

Start
(1) The best combination of
(𝐿𝑃 , 𝐶1 , 𝐿𝑆 , 𝐶2 , 𝐶𝑖𝑛 ) from Table 3.1

𝑤2 = 6: 70,
𝑛2 = 1: 20
𝑥 = [𝐷𝑂1 𝑁1 𝑠1 𝑤1 𝑛2 𝑠2 𝑤2 𝑅𝑇 ]
[𝑊2 , 𝑁2 ] = 𝐹𝐼𝑁𝐷 {𝑚𝑎𝑥 (𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑥)}
𝑋 = [𝐷𝑂1 𝑁1 𝑠1 𝑤1 𝑁2 𝑠2 𝑊2 𝑅𝑇 ]

(2) Exploring the best coil profiles
(𝑑𝑂1 , 𝑛1 , 𝑠1 , 𝑤1 , 𝑛2 , 𝑠2 , 𝑤2 ) to make 𝐿𝑃 , 𝐿𝑆
(3) Adopting the profiles
(𝑑𝑂1 , 𝑛1 , 𝑠1 , 𝑤1 , 𝑛2 , 𝑠2 , 𝑤2 ) that:
𝐿𝑃 − 𝛥𝐿𝑃 < 𝐿𝑃 (𝑑𝑂1 , 𝑛1 , 𝑠1 , 𝑤1 ) < 𝐿𝑃 + 𝛥𝐿𝑃
𝐿𝑆 − 𝛥𝐿𝑆 < 𝐿𝑆 (𝑛2 , 𝑠2 , 𝑤2 ) < 𝐿𝑆 + 𝛥𝐿𝑆

𝑋𝑖𝑛 = 𝑋

𝑑𝑂1 = 20: 60,
𝑤1 = 6: 70
𝑥 = [𝑑𝑂1 𝑁1 𝑠1 𝑤1 𝑁2 𝑠2 𝑊2 𝑅𝑇 ]
[𝐷𝑂1 , 𝑊1 ] = 𝐹𝐼𝑁𝐷 {𝑚𝑎𝑥 (𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑥)}
𝑋 = [𝐷𝑂1 𝑁1 𝑠1 𝑊1 𝑁2 𝑠2 𝑊2 𝑅𝑇 ]

(4) Sensitivity & the Fabrication Tolerance
Error Analysis: Evaluating the sensitivity
(𝑑𝑂1 , 𝑛1 , 𝑠1 ± 𝛥𝑠, 𝑤1 ± 𝛥𝑤, 𝑛2 , 𝑠2 ± 𝛥𝑠, 𝑤2
± 𝛥𝑤)

𝑠2 = 6: 70,
𝑤2 = 6: 70
𝑥 = [𝐷𝑂1 𝑁1 𝑠1 𝑊1 𝑁2 𝑠2 𝑤2 𝑅𝑇 ]
[𝑆2 , 𝑊2 ] = 𝐹𝐼𝑁𝐷 {𝑚𝑎𝑥 (𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑥)}
𝑋 = [𝐷𝑂1 𝑁1 𝑠1 𝑊1 𝑁2 𝑆2 𝑊2 𝑅𝑇 ]

(5) Select a profile with the highest Sensitivity
& lowest error due to the favbrication tolerances

𝑠1 = 6: 76,
𝑤1 = 6: 70
𝑥 = [𝐷𝑂1 𝑁1 𝑠1 𝑤1 𝑁2 𝑆2 𝑊2 𝑅𝑇 ]
[𝑆1 , 𝑊1 ] = 𝐹𝐼𝑁𝐷 {𝑚𝑎𝑥 (𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑥)}
𝑋 = [𝐷𝑂1 𝑁1 𝑆1 𝑊1 𝑁2 𝑆2 𝑊2 𝑅𝑇 ]

End

Fig. 3.6. Analytical method, flowchart.

𝑒𝑟𝑟𝑜𝑟
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑋) − 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑋𝑖𝑛 )
=
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑋_𝑖𝑛)
𝑒𝑟𝑟𝑜𝑟 > 0.09
Y

N

End

Fig. 3.5. Iterative method (dO2 = 20 mm). The
capital variables represent the optimum values
from previous steps and the small variables
represent the variables that are being optimized
in each step.
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Table 3.3. GA option settings

Population Initialization

Fitness (objective) Function
Evaluation

Stopping
Criteria

End

Fitness Scaling:
Raw → scaled
Selection Function

Mutation

Crossover
Survivor selection
(Children)

Elite

Population
Initialization

Stopping
Criteria

Size

3000

Max Stall
Generation

50

Max St. Time

Inf.

Max. gen.

200

Fitness scaling

Rank

Selection Function

Stochastic uniform

Mutation

Function

Adaptive Feasible

Fraction

0.3

Function

Scattered

Elite count

150 (5% Pop.)

Crossover
Elite

Fig. 3.7. GA flowchart.
factor (k), transducer resistance, and the secondary outer size are considered as 0.08, 1 kΩ, and
20 mm, respectively. For the Analytical method, due to the discrete nature of the coil parameters,
the minimum errors of feasible LP and LS comparing to the optimum values in Table 3.1
(Appendix) are 0.03% and 1.08%, respectively, for step (3) in Fig. 3.6. The possible primary and
secondary PSC profiles are shown in Table 3.4 (Appendix). Table 3.5 (Appendix) shows the
optimum sensitivity for all combination of nine primary profiles with one secondary profile in
Table 3.4 (Appendix). According to Table 3.5 (Appendix), design #6 shows the highest
sensitivity and then, it is considered as the Analytical optimum design.
The optimum results and the maximum influence of tolerance are shown in Table 3.6
(Appendix) for all three methods. The PSC physical specifications like the primary to secondary
size/turns ratio affect the coupling factor, but if only the sensitivity concerns and ignoring the
coupling factor change with coil parameters, result according to Table 3.6 (Appendix), we
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choose its result as the optimum design and the rest of this paper continues based on GA
optimum PSC.
3.5 FABRICATION, SIMULATION, AND MEASURMENT RESULTS
3.5.1 Measuring the coupling factor (k). The printed circuit board (PCB) shown in Fig. 3.8 has
been designed with KiCad based on the GA results in Table 3.6 (Appendix) and have been
fabricated in three samples. Since the optimization has been performed for k = 0.08, we must
adjust the coupling factor on this value before any experimental measurement. Distance between
the primary and secondary coils is the only adjustable parameter to tune the coupling factor.
One way to estimate the coupling factor is measuring the mutual inductance (M) and calculating
the coupling factor by using (2). Mutual inductance (M) can be calculated by (18) and measuring
the secondary coil open circuit voltage.
𝑉𝑆−𝑂𝑃𝐸𝑁 = 𝑗𝜔𝑀𝐼𝑃𝑟𝑖𝑚𝑎𝑟𝑦

(18)

Accessing to the primary current (IPrimary) and zeroing the secondary current are not feasible
due to the primary and secondary coil intrinsic capacitors (CP and CS in Fig. 3.2). The effect of
intrinsic capacitors on the primary and secondary current decrease by decreasing the working
frequency but it also attenuates the secondary inductive voltage and in practice, it ends to an
immeasurable secondary voltage or very poor SNR. Thus, we adopted a practical method [18]
for measuring the mutual inductance. In this method, an LCR analyzer (Agilent 4294A, 40 Hz110 MHz) measures the equivalent self-inductance of aiding and opposing connection of primary
and secondary coils and the mutual inductance (M) is calculated by:
𝑀=

𝐿𝑎𝑖𝑑 −𝐿𝑜𝑝𝑝

(19)

4

where Laid and Lopp are the measured self-inductances in aiding and opposing connection of two
coils, respectively. Fig. 3.9 shows the measurements results by using (19) and the measured self44

60 mm

20 mm

(b)
(a)

Fig. 3.8. The PCB design based on GA
results: (a) Primary, (b) Secondary

Fig. 3.9. Measuring the coupling factor for
three fabricated PSCs using (21). For D = 16
mm, coupling factor is 0.08±0.003 for three
boards.

inductances for three pairs of PSCs. As mentioned on Fig. 3.9, all three PSC pairs are in good
agreement for k = 0.08 ± 0.003 at the distance of 16 mm. The result is in complete agreement
with the simulation results with FEA tool, COMSOL (COMSOL Inc., Burlington, MA) [19]. To
the best knowledge of the authors, there is not a single accurate expression in the literatures to
calculate the coupling factor between two rectangular PSCs. We have used the equation that
proposed by Grover [20], generalized by Babic et all [21] and modified by [22], but the result is
not consistent with Fig. 3.9 (based on this equation: k = 0.36 for D=16 mm), which is verified by
circuitry simulation (simulation of voltage amplitude in the secondary). Therefore, we adjusted
the distance between primary and secondary PSCs on 16 mm to obtain k = 0.08.
3.5.2 Measuring the sensitivity. Since the fabricated PSCs do not show the exact calculated
equivalent components (Table 3.6 in Appendix), we must find the new optimum C1, C2, and Cin
according to the fabricated PSC equivalent circuit. The measurement results show the equivalent
coil series resistor does not match with (9). Several reasons can lead to this discrepancy,
including fabrication materials (ρ), w, s, t (conductor thickness) tolerances, and inaccuracy in (9).
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However, the optimization theoretical results with measured resistors are completely in
agreement with measured and simulated sensitivity. Table 3.7 (see Appendix) shows the
measured components, new optimum capacitors, and the maximum sensitivity by GA method,
accordingly. The sensitivity decline and the major changes in the optimum capacitors are
thoroughly due to the coils’ series resistors. Fig. 3.10 shows the experimental setup. The voltage
across the primary coil is measured by an oscilloscope (Agilent, Model DSO-X 2024A, Probe
Tektronix TPP0200) with the equivalent ROSC = 10 MΩ and COSC = 11.5 pF. Fig. 3.11 shows the
schematic of the circuit under the test. The optimum capacitors (see Table 3.7 in Appendix) finetuned by a series trimmer with signal generator and parallel trimers with primary and secondary
coils. We measured the primary voltage for six transducer resistances from 935 Ω to 1,235 Ω and
calculated the sensitivity by using (20) and the results are shown in Fig. 3.12.
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑅𝑖 ) = ∆𝑅

∆𝑉𝑃
𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟

=

𝑉𝑃 (𝑅𝑖 )−𝑉𝑃 (𝑅𝑗 )
𝑅𝑖 −𝑅𝑗

(20)

Ri and Rj are two consecutive resistors out of six resistors. It worth to mention that the sensitivity
in Table 3.7 (see Appendix) is the normalized sensitivity (according to (8)) that shows the
primary voltage change due to 1 Ω change in transducer for 1 V input voltage (VOSC). Thus,

Fig. 3.10. Experimental setup for sensitivity measurement.
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Fig. 3.11. The schematic for the circuit under the test. The PSC show the equivalent
components for Board #1.
according to Fig. 3.11 that input voltage is 10 V, the sensitivity in Table 3.7 (see Appendix) is
comparable with Fig. 3.12 by considering a factor of ten.
3.5.3 Simulation and theoretical results. The sensitivity is measured by simulating circuit in
Fig. 3.11 with LTspice (Linear Technology, Milpitas, CA). In addition, a MATALB code
developed to compute (2)–(8) as the theoretical sensitivity for different transducer resistances.
Fig. 3.13 shows the average results of measurement, simulation, and theoretical for three PSC
pairs. As this figure shows, the simulation, calculation, and measurement results are in good
agreement with the maximum difference of 8.8% between calculation and measurement at RS = 1
kΩ.

Fig. 3.12. Average measured sensitivity for
three fabricated boards. The sensitivity for RT
= 1kΩ is 7.5, 6.9, and 7.2 for Board#1 to
Board#3, respectively.
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Fig. 3.13. The average results for three boards:
Measurement, Simulation, and Calculation.

3.6 CONCLUSION
Previously, we had designed an optimum PSC pair to maximize the sensitivity by adopting
and applying an iterative method for maximum power transfer. In this paper, first we defined the
sensitivity as a function of circuit components and the coil profiles. Then we used two more
methods, Genetic Algorithm (GA) and Analytical, in addition to the Iterative method, to find the
optimum coil profiles to maximize the sensitivity as the objective function for 1 kΩ target
transducer resistance. For coil profile optimization, we first found the best coupling (Cin) and
tuning capacitors (C1 and C2) for the defined primary and secondary self-inductance ranges.
Although the maximum sensitivity resulted from all three methods are in the same range,
because the GA is faster, more reliable, easier to apply, and has the highest sensitivity, its result
was picked for fabrication. Since the fabricated PSCs do not show the exact designed selfinductance values, the new optimum components for the fabricated PCSs were recalculated
accordingly. The sensitivity for three sample boards were experimentally measured and
compared to the theoretical and circuitry simulation results. The average measurement result for
three boards showed a 0.72 mƱ sensitivity (which means that 0.72 mV in primary voltage
change per 1 V of input voltage (VOSC) for 1 Ω change in transducer resistance) which has 5%
and 8.8% disagreement with simulation and theoretical results, respectively. More discussion on
coil self-inductance range and the susceptibility to the components’ tolerances are provided in
the supplementary document. In this study, the coupling factor has been taken as a constant
value, independent of coil profiles, whereas it is affected by the PSC physical characteristics.
The effect of coil profiles should be involved in the coil optimization process that requires
further study. In addition, to design a practical wearable sensor based on the optimized PSC pair,
the effect of the primary and secondary movement (misalignment) that affects the coupling
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factor should be considered in the PSC design. Hence, the effect of coil profiles and coil
misalignment on the coupling factor are two parameters that should be considered in the coil
design and optimization process in future work.
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3.9 APPENDIX
Table 3.1. Maximum sensitivity and optimum
capacitors for two ranges of primary and
secondary self-inductances (RP=1.1 Ω, RS=5Ω,
RT=1 KΩ, k=0.08)
Range

Table 3.2. The Lower/Upper bounds in
GA (d in mm, s and w in mil)

Result

LP
(µH)

LS
(µH)

Sensitivity LP LS C1 C2 Cin
(mƱ)
(µH) (µH) (pF) (pF) (pF)

3–5

3-6

7

4.91 4.06 24

14

4

8 - 10

3-6

14

9.85 5.56 12

1

2

Bound 𝑑𝑂1

𝑛1

𝑆1

𝑊1

𝑛2

𝑆2

𝑊2

Lower

20

2

6

6

2

6

6

Upper

60

20

70

70

20

70

70

Table 3.4. Feasible Primary and Secondary PSC profiles
for Table 1 and (17). The minimum error for LP and LS to
the target values are 0.03% and 1.08%, respectively.
Design dO
n
No. (mm)

di
S
W
R
C
(mm) (mil) (mil) (Ω) (pF)

L (Actual)
(µH)

30

11

18

10

13

1.44 1.64

4.909

2

40

10

22

7

30

1.76 2.76

4.909

3

40

8

30

9

16

3.00 1.90

4.910

4

40

9

26

9

23

2.20 2.03

4.910

5

40

10

22

17

21

2.50 1.11

4.910

6

50

9

27

8

44

1.34 2.68

4.910

7

50

9

27

17

36

1.64 1.24

4.910

8

60

6

50

8

27

2.08 2.41

4.910

9

60

6

50

14

22

2.55 1.36

4.910

8

1

LP
(µH)
4.75

20 13 10
7
Measured
RP
LS
RS
(Ω)
(µH)
(Ω)
21
3.94
11

2

4.77

21.5

3.98

11.5

16

34

13

0.77

3

4.79

21

3.99

11

16

34

13

0.8

Primary

1

Table 3.7. The GA update optimization results for fabricated PSCs
Board
#

Sec.

-

4.22 1.79
4.017
(GA) Optimization Results
C1
C2
Cin
|Sen.|
(pF)
(pF)
(pF)
(mƱ)
16
34
13
0.79
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Table 3.5. The Analytical resultant sensitivity optimization for the PSC primary and secondary
profiles in Table 3.4. Each design shows the feasible LP and LS with minimum error to the optimum
values in Table 3.1
Design
Number

𝑑𝑂1
(mm)

𝑑𝑖1
(mm)

𝑛1

𝑠1
(mil)

𝑤1
(mil)

𝑅𝑃
(Ω)

𝐶𝑃
(pF)

𝐿𝑃
(µH)

𝑑𝑖2
(mm)

𝑛2

𝑠2
(mil)

𝑤2
(mil)

𝑅𝑆
(Ω)

𝐶𝑆
(pF)

𝐿𝑆
(µH)

𝑆𝑒𝑛.
(𝑚Ʊ)

1

30

18

11

10

13

3.44

1.64

4.91

10

13

7

8

4.23

1.79

4.02

2.80

2

40

22

10

7

30

1.76

2.76

4.91

10

13

7

8

4.23

1.79

4.02

5.15

3

40

30

8

9

16

3.00

1.90

4.91

10

13

7

8

4.23

1.79

4.02

3.24

4

40

26

9

9

23

2.20

2.04

4.91

10

13

7

8

4.23

1.79

4.02

4.31

5

40

22

10

17

21

2.51

1.11

4.91

10

13

7

8

4.23

1.79

4.02

3.84

6

50

27

9

8

44

1.34

2.68

4.91

10

13

7

8

4.23

1.79

4.02

6.19

7

50

27

9

17

36

1.64

1.24

4.91

10

13

7

8

4.23

1.79

4.02

5.42

8

60

50

6

8

27

2.08

2.41

4.91

10

13

7

8

4.23

1.79

4.02

4.52

9

60

50

6

14

22

2.55

1.36

4.91

10

13

7

8

4.23

1.79

4.02

3.78

Table 3.6. Optimization results for three methods and the effect of fabrication tolerances on the
sensitivity

Analytic
al

Iterative

𝑑𝑂1
𝑑𝑖1
𝑆1
𝑊1
𝑑𝑖2
𝑆2
𝑊2 𝑅𝑃
𝑛
𝑛
(mm) (mm) 1 (mil) (mil) (mm) 2 (mil) (mil) (Ω)
Optimum
Tolerance
effect

39

21.5 10

6

29

10.4 15

6

7

1.77 3.177 4.91 5.52 2.44 5.32

5.18

Max. Sen.

39

21.5 10

6

29

10.0 15

6

7.5

1.79 3.177 4.91 5.13 2.41 5.13

5.20

Min. Sen

39

22.2 10

5

28.5

9.3

15

7

7.5

1.84 3.87

5.09 5.00 2.01 4.78

0.22

50

26.6

9

8

44

10.4 13

7

8

1.34 2.68

4.91 4.22 1.79 4.02

6.19

Max. Sen.

50

26.6

9

8

44

11.1 13

6

8

1.34 2.68

4.91 4.31 2.14 4.26

6.24

Min. Sen

50

27.3

9

7

43.5

9.5

13

8

8.5

1.37

3.1

5.03 3.85 1.51 3.67

0.34

60

33.6

8

8

58

13.6 11

6

6

1.10 2.87

4.91 5.21 1.93 3.93

6.88

Max. Sen.

60

33.6

8

8

58

13.8 11

5

6.5

1.11 2.87

4.91 4.88 2.35 4.03

6.91

Min. Sen

60

34.1

8

7

57.5

12.8 11

7

6.5

1.12 3.31

5.00 4.74 1.61 3.63

0.46

Optimum
Tolerance
effect

GA

Optimum
Tolerance
effect

𝐶𝑃
𝐿𝑃
𝑅𝑆 𝐶𝑆
𝐿𝑆 𝑆𝑒𝑛.
(pF) (µH) (Ω) (pF) (µH) (𝑚Ʊ)

3.10 SUPPLEMENTARY DOCUMENTS
3.10.1 Electrical Components optimization
Fig. 3.S-1 demonstrates the optimization results for a pair of LP and LS in the range of 3-5 µH
and 3-6 µH, respectively, using the Genetic Algorithm (GA) method. According to Fig. 3.S-1,
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Fig. 3.S-1. The maximum sensitivity for LP and LS in the range of (3 to 5) µH and (3 to
6) µH, respectively. Each point on the maximum sensitivity surface is associated with a
unique pair of C1 and C2.
the average sensitivity has the increasing trend with LP and LS. However, the effect of secondary
self-inductance is noticeably less than primary self-inductance and larger self-inductance
increases the sensitivity. Increasing the self-inductance creates counterproductive results,
including lower quality factor (in the same coil size) and smaller tuning capacitors. The selfinductance and capacitor product must meet the specified frequency, 13.56 MHz. Higher selfinductances lead to smaller capacitors that makes the circuit more susceptible to the stray and
environmental capacitors. It is discussed in more details in Section 3.2.
3.10.2 Analytical results discussion
Analytical method gives insight into the relation between coil parameters and the sensitivity.
Table 3.S-1 shows the optimum sensitivity and its maximum change (due to the fabrication
tolerances) for all combination of nine primary profiles with one secondary profile in Table 3.4.
Table 3.S-1 indicates that even for coils with almost the equal primary and secondary selfinductances, sensitivity varies from 2.8 mƱ to 6.2 mƱ. By comparing the different coil profiles,
it is explored that coil equivalent resistance has great impact on sensitivity. Table 3.S-1 reveals
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Table 3.S-1. The Analytical results for the PSC primary and secondary profiles in Table 3.4.
The first row in each design shows the feasible LP and LS with minimum error to the
optimum values in Table 3.1. The two next rows indicate the maximum and minimum
sensitivity due to the fabrication error.
Design
Number

Sensitivity Status
Optimum

1

Tolerance
effect

30

18

11

10

Max. Sen

30

18

11

10

Min. Sen

30

18

11

9

Optimum
2

Tolerance
effect

Tolerance
effect

Tolerance
effect

Tolerance
effect

Tolerance
effect

Tolerance
effect

Tolerance
effect

Tolerance
effect

4.23 1.79 4.02

2.80

13

3.44 1.64 4.91

11

13

6

7.5

4.65 2.17 4.40

2.97

12.5 3.64 1.86 5.17

10

13

8

8.5

3.86 1.51 3.67

0.15

7

30

1.76 2.76 4.91

10

13

7

8

4.23 1.79 4.02

5.15

10

7

30

1.76 2.76 4.91

11

13

6

7.5

4.65 2.17 4.40

5.26

Min. Sen

40

22

10

6

29.5 1.81 3.27 5.08

10

13

8

8.5

3.86 1.51 3.67

0.19

40

30

8

9

16

3.00 1.90 4.91

10

13

7

8

4.23 1.79 4.02

3.24

Max. Sen

40

30

8

9

16

3.00 1.90 4.91

11

13

6

7.5

4.65 2.17 4.40

3.40

Min. Sen

40

30

8

8

15.5 3.12 2.17 5.07

40

26

9

9

Max. Sen

40

26

9

9

Min. Sen

40

26

9

8

10

13

8

8.5

3.86 1.51 3.67

0.31

23

2.20 2.04 4.91

10

13

7

8

4.23 1.79 4.02

4.31

23

2.20 2.04 4.91

11

13

6

7.5

4.65 2.17 4.40

4.46

22.5 2.27 2.32 5.07

10

13

8

8.5

3.86 1.51 3.67

0.29

40

22

10

17

21

2.51 1.11 4.91

10

13

7

8

4.23 1.79 4.02

3.84

Max. Sen

40

22

10

17

21

2.51 1.11 4.91

11

13

6

7.5

4.65 2.17 4.40

4.00

Min. Sen

40

22

10

18

21.5 2.42 1.03 4.74

10

13

8

8.5

3.86 1.51 3.67

0.35

50

27

9

8

44

1.34 2.68 4.91

10

13

7

8

4.23 1.79 4.02

6.19

Max. Sen

50

27

9

8

44

1.34 2.68 4.91

11

13

6

7.5

4.31 2.14 4.26

6.24

Min. Sen

50

27

9

7

43.5 1.37 3.10 5.03

50

27

9

17

Max. Sen

50

27

9

17

Min. Sen

50

27

9

18

10

13

8

8.5

3.86 1.51 3.67

0.34

36

1.64 1.24 4.91

10

13

7

8

4.23 1.79 4.02

5.42

36

1.64 1.24 4.91

11

13

6

7.5

4.65 2.17 4.40

5.51

36.5 1.60 1.16 4.79

10

13

8

8.5

3.86 1.51 3.67

0.62

60

50

6

8

27

2.08 2.41 4.91

10

13

7

8

4.23 1.79 4.02

4.52

Max. Sen

60

50

6

8

27

2.08 2.41 4.91

11

13

6

7.5

4.65 2.17 4.40

4.66

Min. Sen

60

50

6

7

26.5 2.13 2.77 5.00

10

13

8

8.5

3.86 1.51 3.67

0.54

60

50

6

14

Max. Sen

60

50

6

14

Min. Sen

60

50

6

13

Optimum
9

8

10

Optimum
8

7

22

Optimum
7

13

22

Optimum
6

10

40

Optimum
5

3.44 1.64 4.91

40

Optimum
4

13

Max. Sen

Optimum
3

𝑆𝑒𝑛.
𝑑𝑂1
𝑑𝑖1
𝑠1
𝑤1 𝑅𝑃 𝐶𝑃
𝐿𝑃
𝑑𝑖2
𝑠2
𝑤2 𝑅𝑆 𝐶𝑆
𝐿𝑆
𝑛
𝑛
(mm) (mm) 1 (mil) (mil) (Ω) (pF) (µH) (mm) 2 (mil) (mil) (Ω) (pF) (µH) (𝑚Ʊ)

22

2.55 1.36 4.91

10

13

7

8

4.23 1.79 4.02

3.78

22

2.55 1.36 4.91

11

13

6

7.5

4.65 2.17 4.40

3.94

21.5 2.62 1.48 5.00

10

13

8

8.5

3.86 1.51 3.67

0.92

that the coil profiles (specifically in the primary) with larger conductor’s width, which has a
smaller coil’s resistance, shows higher sensitivities.
3.10.3 Optimization results verification
To graphically verify the optimum point as the maximum sensitivity and perceiving the
sensitivity behavior with different parameters, the sensitivity is plotted vs different parameters in
Fig. 3.S-2, indicating the optimum point for the iterative method. The same plots like Fig. 3.S-2
also verify the optimum point for the other methods and they are not shown here for abstraction.
54

Fig. 3.S-2. Iterative method - Sensitivity vs different variables with the highlighted optimum
point for Cin = 4 pF, C1 = 24 pF, and C2 = 14 pF.
XOPT = [dO1 n1 S1 W1 n2 S2 W2 RT] = [39 10 6 29 15 6 7 1KΩ].
This figure shows the sensitivity behavior vs different coil parameters and demonstrates that the
sensitivity peaks at the calculated optimum point.
3.10.4 The effect of components’ range and tolerances on the sensitivity
According to the results (Table 3.6), the optimum primary and secondary self-inductances are
close to the upper limit in the assumed intervals (Table 3.1), 4.91µH and 4.06 µH for primary
and secondary, respectively. Accordingly, the optimum capacitors, C2 = 14 pF and Cin = 4 pF,
are small enough to be comparable to the parasitic capacitors and as a result the sensitivity is
easily affected by parasitic capacitors. To make the sensitivity less vulnerable to the parasitic
capacitors, the optimum capacitors should have larger values by decreasing the self-inductance
ranges. For instance, Table 3.S-2 shows the optimum capacitors and the maximum sensitivity for
the smaller self-inductance ranges. Comparing Table 3.1 and Table 3.S-2 reveals that the
smallest capacitor (Cin) becomes almost 3.5 times larger (4 pF changes to 14 pF) by the cost of
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Table 3.S-2. Maximum sensitivity and optimum capacitors for two
ranges self-inductances (RP = 2 Ω, RS = 10 Ω, RT = 1 KΩ, k = 0.08)
Range

Result

LP
(µH)

LS
(µH)

Sensitivity
(mƱ)

LP
(µH)

LS
(µH)

C1
(pF)

C2
(pF)

Cin
(pF)

0.1 to 2

0.1 to 2

1.65

1.98

1.98

55

59

14

0.1 to 1

0.1 to 1

0.47

1

1

114

123

22

75% drops in sensitivity. Then, at the first step of PSC design and optimization, we should
consider that increasing the sensitivity by choosing higher self-inductance ranges would result in
more susceptibility to the parasitic capacitors. Moreover, the self-inductance range affects the
susceptibility to the capacitors’ tolerances. Fig. 3.S-3 shows the effect of self-inductance range
on the susceptibility to the capacitors’ tolerance. Fig. 3.S-3(a) and (c) show 80% drops in the
sensitivity for ±0.5 pF in C1 or Cin. Increasing the sensitivity by choosing high self-inductance
ranges will require low tolerance capacitors. According to Fig. 3.S-3(b), sensitivity is less
sensitive to C2 changes in comparison with C1 and Cin. Since the self-inductance also affects the
PSC physical characteristics that influences the coupling factor, which changes the sensitivity,
for the optimum self-inductance range, we must consider the effect of PSC primary and
secondary profiles on the coupling factor, too. The best self-inductances are the ones that that: 1)
maximize the sensitivity, 2) dominate the parasitic capacitors by choosing their associate
optimum capacitors large enough, 3) show the maximum coupling factor and minimum
susceptibility to the coil misalignment by having an appropriate physical characteristics. The first
two concerns were addressed in this paper by investigating the relation between coil profiles and
sensitivity and the third concern requires further study in which a magnetic field solver tool
simulates the relation between coils’ shape and the mutual inductance and its variation with
distance and angle. The results of such study can add more constraints on coil design.
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(a)

(c)

(b)

Fig. 3.S-3. Sensitivity vs (a) C1, (b) C2, (c)
Cin for three LP and LS ranges. The larger
self-inductance has higher sensitivity but
more sensitive (susceptible) to the
capacitor tolerance.

We have applied three optimization methods and although the GA result is the best, all the
results are in the same range (Table 3.6). GA is fast and needless to the analytical details that
makes it blind to the role of the parameters while the analytical method gives more details about
the influence of coil parameters on the sensitivity, e.g., the analysis that is presented in section
3.2 of this document.
It is also worth mentioning that the effect of primary components (self-inductance and
capacitors) are more critical to sensitivity, according to Table 3.6 and Fig. 3.S-3. Table 6 shows
the maximum sensitivity drop happens at primary changes as sopt-Δs and wopt-Δw where sopt and
wopt are the optimum space between conductors and the optimum width of conductors,
respectively, and Δs and Δw are the fabrication tolerances. In addition, Fig. 3.S-3 shows that the
sensitivity is more susceptible to the primary capacitors (C1 and Cin) tolerances, comparing to the
secondary capacitor (C2). The high susceptibility to the primary capacitor (C1) is the reason of
maximum sensitivity drop (the rows specified with Min. Sen.) in Table 3.6, because it changes
the CP (approximately 0.5 pF) and consequently C1 deviates from the optimum point. As a
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conclusion, the minimum sensitivity shown in Table 3.6 can be compensated by readjusting the
C1. Fig. 3.S-4 shows the susceptibility of sensitivity to the fabrication tolerance. The tolerance
analysis in Tables 3.S-1 and 6 are based on the worst case or maximum error in PSC fabrication.
Comparing Fig. 3.S-4 (a) and (b) reveals that the effect of primary tolerance on the sensitivity is
much higher than the secondary. According to Fig. 3.S-4, while the maximum primary
fabrication error can decline sensitivity from 6.88 m/Ω to less than 2, the secondary does not
have significant affect. The effect of s and w fabrication error on the sensitivity is intensified
with longer coil conductor or the number of turns. In other words, due to the fabrication
tolerance and its effect on the sensitivity, the coil profile with lesser number of turns would be
preferred in the same conditions. It is worth to mention that although we found the optimum
PSC profile in Table 6, due to fabrication and other sources of error, fabricating the exact
designed profile is not possible, but we can reach the optimum theoretical sensitivity by
recalculating the components based on fabricated coil characteristics similar to Table 3.7. It
should be noted that since the PSC equivalent capacitor is in parallel with the tuning capacitor
(Ctp and Cts in Fig. 3.2), its tolerance is compensated by the tuning capacitor.

Fig. 3.S-4. The fabrication tolerances effect on the sensitivity at the optimum point for GA
optimization. The optimum point is specified. (Left) s2 and w2 keep their optimum values but s1
and w1 vary within the tolerance: s1 = 7 ⁓ 9, w1 = 57.5 ⁓ 58.5, (Right) s1 and w1 keep their optimum
values but s2 and w2 vary within the tolerance: s2 = 5 ⁓ 7, w2 = 5.5 ⁓ 6.5.
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Chapter 4
DESIGNING AND IMPLEMENTING A SENSITIVE MISALIGNMENT-TOLERANT
PAIR OF WIRELESS RESISTIVE ANALOG AND FULLY PASSIVE SENSORS
4.1 INTRODUCTION
A long-term bio-signal monitoring provides a reliable method to early detection of disease
and tracking the severity of biomarkers in a patient. It also eliminates the costly presence of
patients in the hospitals for a short-time vital signals sampling. A light wearable sensor, easy to
carry with no interference to the daily activities are the key features to accomplish this idea. Our
proposed wireless and passive sensor [1] removes the obtrusive wires and power supply and it
features the light weight, low cost, and maintenance free. These are attainable by the magnetic
inductive connection between a primary and secondary printed spiral coils (PSC). In previous
study [1] the coupling factor (mutual inductance) was assumed as a constant value while it is a
function of coils’ specifications and the coils’ relative position. In this paper, the effect of coil
size and relative position are considered in the optimization process to maximize the sensitivity
and minimize the susceptibility to coils’ misalignment. Bluetooth [2], Wifi [3], near field
communication (NFC) [4], and RFID [5] are other wireless techniques to transfer bio-signals.
Although the communication distance and SNR are improved by an active circuit in Wifi and
Bluetooth base connection, they are costly, heavy, require power supply, and as a result, less
feasible in long-term wearable application. The NFC and near field RFID methods are also using
inductive magnetic connection of two coils, but they require an active chip on the sensor side and
consequently, need power transfer or harvest that ends to complicated and costly circuits. In
contrast, the simple and low cost proposed WRAP sensors have simple concept that even allows
them to be fabricated in a flexible and disposable substrate [6]. A varactor sensor can also be
used to sense the bio-signals instead of our resistive transducer approach in the inductive
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wireless coils [7]-[8]. A capacitive sensor modulates the frequency in response to a bio-signal
and then imposes complexity to the receiver circuit and requires a wide bandwidth due to its
frequency shift. In addition, they are susceptible to the stray capacitors and since the varactor
directly affect the resonance frequency, the coils’ profiles must be redesigned for any specific
sensor. In contrast, a resistive sensor output is detected by a simple amplitude demodulator with
a narrower frequency band, the coils’ profile and resonance circuits are not affected by the sensor
varieties. The coil profiles have the key role in the WRAP senor performance to achieve the
maximum sensitivity. The researches on coil optimization are limited to the wireless power
transfer (WPT), NFC, and RFID application. In WPT application the coils are optimized to
maximize the power efficiency objective function [9]-[11]. The coil optimization study on NFC
and RFID techniques target the impedance matching and metal proximity [12]-[13]. We
proposed our novel approach with Genetic Algorithm to design a pair of coils for maximum
sensitivity ([1] and [14]). The variable relative position of untied coils in a real setting degrades
the optimized sensitivity through shifting the coupling factor of the coils. In our simplified coil
optimization [1] the coupling factor and consequently the coil distance was assumed a constant
value. In this study, the mutual inductance variation has introduced to the coil optimization
process so that the coils and the components have been optimized in order to have both
maximum and robust sensitivity to the coils’ position change. The similar coil misalignment
compensation is the subject of researches in WPT. While the additional coils or loops are used to
compensate the displacement in some studies [15]-[16], other compensation methods are specific
to the application [17]- [18]. In [18] a turn distribution algorithm is proposed to uniform the
primary magnetic field. This method requires a complicated and case-based design and
moreover, it reduces the magnetic field in the coil’s coaxial area to uniform it in the sides. In [19]
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the effect of misalignment on power efficiency is minimized by adjusting the components in
order to maximize the power efficiency function vs displacement. In our approach, we introduce
the coils’ misalignment by adding the coupling factor into the optimization algorithm. In this
model, the sensitivity is maximized at a feasible coupling factor that minimizes the sensitivity to
misalignment. The theoretical results are verified by FEA simulation in COMSOL Multyphisics.
The reminder of this paper is organized as follows. The circuit schematic, coil models, and
equations are introduced in section 4.2. The optimization method, objective function, constraints,
and boundaries are described in section 4.3. The measurement setup is explained in section 4.4
and the results are compared with simulation and analytical results. Section 4.5 discusses on
results and analyze the effect of components and fabrication tolerances on the results. The paper
is closed with a clear conclusion in section 4.6.
4.2 MODEL AND EQUATIONS
Fig. 4.1 shows the concept of proposed WRAP sensor. RT represents the transducer resistor
which converts a bio-signal to a variable resistance. The passive secondary circuit affects the
inductive magnetic field generated by the primary circuit where the variable transducer
resistance modulates the primary coil’s voltage, as it is illustrated in Fig. 4.1. Fig. 4.2 shows a
PSC with the physical specification and equivalent circuit. The Current Sheet equation [20] from
four other expressions has been adopted to calculate the self-inductance as it has previously
shown the best match with the experimental results [1].
𝐿=

1.27𝜇0 (𝑑𝑂 +𝑑𝑖 )𝑛2
4

2.07

[𝑙𝑛 (

𝜑

) + 0.18𝜑 + 0.13𝜑 2 ]

(1)

Where 𝜇0 is the air magnetic permeability, dO and di are shown in Fig. 4.2, and 𝜑 (fill-ratio) is
defined in (2).
𝑑 −𝑑

𝜑 = 𝑑𝑂 +𝑑𝑖 =
𝑂

𝑖

𝑑𝑂 −[𝑑𝑂 −2𝑛𝑤−2(𝑛−1)𝑠]
𝑑𝑂 +[𝑑𝑂 −2𝑛𝑤−2(𝑛−1)𝑠]

=

𝑛(𝑠+𝑤)−𝑠
𝑑𝑂 −𝑛(𝑠+𝑤)+𝑠

61

(2)

Fig. 4.1. (L) The concept of sensitivity
(R) ΔVOut in response to ΔRT.

Fig. 4.2. (L) PSC physical characteristics,
(R) the equivalent circuit

s and w are specified in Fig. 4.2 and n is the number of turns. The PSC’s resistance (3) including
the skin and proximity effects has been embraced from [21] due to its best match with the
experimental results.
𝑅 ≈ 𝑅𝐷𝐶 [1 +

𝑑2 .𝑓𝜋𝜇0 𝜎
4.48

]

(3)

RDC is the DC resistance that is defined by (4), d is the diameter of circular cross-section wire
with the equivalent area to the rectangular conductor on the PCB with track width and thickness
of w and t, respectively and is defined by (5), f is the frequency (13.56 MHz), and σ is the track’s
conductivity in siemens Ω-1.
𝐿

𝐶
𝑅𝐷𝐶 = 𝑡.𝑊.𝜎

(4)

𝑡𝑤

𝑑 = √𝜋

(5)

LC is the conductor’s length and for a PSC with n turns, conductor’s width (space) w (s), and the
outer size dO (Fig. 4.2) is calculated by (6).
𝐿𝐶 = 4𝑛𝑑𝑂 − 3𝑛𝑤 − (2𝑛 − 1)2 (𝑠 + 𝑤)

(6)

The complete circuit schematic is shown in Fig. 4.3. The circuit is derived with 13.56 MHz
(ISM radio band) signal generator with internal resistor Rin. The signal generator and the rest of
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K

Fig. 4.3. Circuit schematic of WRAP system.

the circuit are matched through a capacitor Cin. The two external capacitors, Ctp and Cts along
with LP and LS tune the resonance frequency on 13.56 MHz. The sensitivity is the circuit
responses to the transducer’s change and its normalized value is defined in (7).
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑑(𝑉𝑂𝑢𝑡 ⁄𝑉𝑂𝑠𝑐 )
𝑑𝑅𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟

(Ω−1 )

(7)

To formulize the sensitivity in detail, according to Fig. 4.3, the following equations can be
derived:
𝑍2 (𝑅𝑇 ) = 𝑅𝑆 + 𝑗𝜔𝐿𝑆 + 1

1

(C2 = Cts + CS)

⁄𝑅 +𝑗𝜔𝐶2
𝑇

𝑍𝑅 (𝑅𝑇 ) =

[𝑀×𝜔]2
𝑍2 (𝑅𝑇 )

=

[𝑘×𝜔]2 𝐿𝑃 𝐿𝑆

𝑀 = 𝑘√𝐿𝑃 𝐿𝑆

𝑍2 (𝑅𝑇 )

(Reflected Impedance)

(Mutual Inductance and Coupling factor)

𝑍1 (𝑅𝑇 ) = 1⁄(𝑗𝜔𝐶1 + 𝑅

1

)

(C1 = Ctp + CP)

𝑃 +𝑗𝜔𝐿𝑃 +𝑍𝑅 (𝑅𝑇 )

1

𝑍𝑖𝑛 = 𝑅𝑖𝑛 + 𝑗𝜔𝐶
𝑉𝑖𝑛

𝑍1 (𝑅𝑇 )
(𝑅
1 𝑇 )+𝑍𝑖𝑛

=𝑍

Sensitivity (𝑅𝑇 ) =

(9)
(10)
(11)
(12)

𝑖𝑛

𝑉𝑂𝑈𝑇 (𝑅𝑇 )

(8)

(13)

𝑑(𝑉𝑂𝑈𝑇 ⁄𝑉𝑂𝑆𝐶 )
𝑑𝑅𝑇

𝑑

𝑍1 (𝑅𝑇 )
)
1 (𝑅𝑇 )+𝑍𝑖𝑛

= 𝑑𝑅 (𝑍
𝑇

4.3 OPTIMIZATION
A. Genetic algorithm. The sensitivity as the objective function can be shown as follows:
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(14)

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑓(𝑅𝑇 , 𝐶𝑖𝑛 , 𝐶1 , 𝐶2 , 𝑘, 𝑛1 , 𝑠1 , 𝑤1 , 𝑛2 , 𝑠2 , 𝑤2 )

(15)

The transducer resistance is assumed 1 KΩ in this study and although it does not affect the
generality of this study, the effect of various transducer resistance is discussed in section V. In
consequence, sensitivity becomes a function of ten variables and due to its non-linearity and
complexity, the Genetic Algorithm (GA) has been employed for optimization and it has
previously proved as an appropriate method for such problem [1]. In this paper our optimization
approach has been improved in two aspects with respect to the previous study. First, the two-step
optimization for components and coil specifications have been combined in one step, and
second, the coupling factor (k) has been inserted as a new variable in objective function. The
variables in a GA optimization must be bounded by upper and lower bounds and the problem
may have some constraints to be defined. Coupling factor (k) requires key attention in the
boundary definition. Theoretically, the coupling factor (k) has a value between 0 and 1
depending on the primary and secondary coils’ coupling that shows how portion of the flux from
one coil passes through the other coil. If the k’s upper bound is set at 1, the optimum coupling
factor is found a number more than 0.1, while, in practice with our physical settings, the coupling
factor is less than 0.1. Therefore, we define 0.1, the maximum achievable k in our setup, as the
upper bound for coupling factor. Since the coupling factor optimum value is always found close
to upper bound, the lower bound value is not critical, and it is set at 0.06 to meet a margin
between the two bounds. According to the PCB fabricator (OHSPARK) the minimum value for s
and w is 0.152 mm (6 mil) which defines boundaries on the track width (w) and the track’s space
(s) (Fig. 4.2). In addition to the boundaries, two constraints defined by (15) and (16) must be
added to the optimization process.
𝑑𝑖 > 0 ⇒ 𝑑𝑂 − 2𝑛𝑤 − 2(𝑛 − 1)𝑠 > 0 (𝑖 = 1,2)
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(15)

𝜑1 ≥ 0.85

(16)

The first constraint (15) for both primary (i=1) and secondary (i=2) coils guarantees the
feasibility of coil structure, in which the optimum n, s, and w values keep di (Fig. 4.2) as a nonzero value. The second constraint (16) keeps the primary coil fill-factor high enough to guarantee
the uniform flux density at the center of the coil and it is discussed in part D. The lower and
upper boundaries variables are listed in Table 4.1. The capacitors’ ranges in Table 4.1 are
experimentally defined to narrow down the optimization algorithm variables’ domain and need
to be redefined for a new problem. Table 4.2 shows the applied setting in this optimization
problem.
B. Susceptibility to the k variation. The coupling factor indicates how portion of the magnetic
flux generated by one coil intersects the other coil and is affected by coils’ relative position. The
sensitivity dependency on coupling factor (k) are analytically defined by (8)-(14). However, the
alignment and the coupling factor relation is not theoretically well-defined. There are few
expressions have been proposed by literatures ([22]-[24]) to calculate the mutual inductance
between circular or rectangular printed spiral coils, but as we previously explained [1] the results
are not good match with the experiment. Here, we use the FEA simulation approach to find out
Table 4.2. GA option settings

Table 4.1. The lower and upper boundaries of
variables in GA
Bound

𝑅𝑇 𝐶𝑖𝑛
𝐶1
𝐶2
(𝑘Ω) (𝑝𝐹) (𝑝𝐹) (𝑝𝐹)

𝑘

𝑛

𝑠
𝑤
(𝑚𝑚) (𝑚𝑚)

Lower

1

5

5

50

0.06 3 0.152 0.152

Upper

1

20

20

200

0.1 30

70

100
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Population
Size
Initialization
Max Stall
Generation
Stopping
Max St.
Criteria
Time
Max. gen.
Fitness scaling
Selection Function
Mutation
Function
Fraction
Crossover
Function
Elite
Elite count

3000

50
Inf.
200
Rank
Stochastic uniform
Adaptive Feasible
0.3
Scattered
150 (5% Pop.)

the coupling factor and coils’ position correlation which its accuracy has been verified in
previous report [25]. In summary, the sensitivity dependency on coil position is derived by
combining the sensitivity-coupling factor analytical equation and coupling factor-coil’s position
simulation curve. The effect of misalignment on sensitivity is minimized by minimizing the
sensitivity-k expression, and k to position.
C. Minimizing sensitivity to k dependency. Fig. 4.4 shows a typical Sensitivity-k curve that is
derived from (8)-(14). If kO is the optimum coupling factor, to minimize the dependence of
sensitivity to k, kO must be equal to kmax in Fig. 4.4. With the setting in this study, including the
coils’ sizes and distance between the coils, kmax ≤ 0.1. Due to the stochastics nature of Genetic
algorithm, the optimization results are not necessarily unique in several runs and since the kmax is
defined as the upper boundaries in Table I, kO ≈ kmax is more likely within the results. Table 4.3
shows the k-sorted results for multiple runs and dO1=60 mm and dO2=20 mm. In a trade-off
between maximum sensitivity and coil distance (the smaller kO is translated to more distances)
the first row in Table 4.3 with minimum kO (equals to maximum coils’ distance) is picked as the
optimum profile.
D. Minimizing k to coils’ alignment dependency. The coupling factor between two printed

Fig. 4.4. A typical Sensitivity-k curve
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Table 4.3. GA multiple runs for the upper/lower boundaries in Table I and: dO1=60 mm,
dO2=20 mm.
RT
Cin C1
s1
w1
n1
(kΩ) (pF) (pF)
(mm) (mm)

RP
(Ω)

LP
(µH)

𝜑1

C2
s2
w2
n2
(pF)
(mm) (mm)

RS
(Ω)

LS
(µH)

𝜑2

kO

Sen(kO)
(mƱ)

1

5

5

22

0.91

0.41

45.85 13.68 0.88 150

5

0.30

0.30

5.77

0.89 0.16 0.090

1.29*

1

5

5

23

0.64

0.66

45.31 13.93 0.95 140

6

0.61

0.15

6.99

1.00 0.25 0.090

1.27

1

5

5

22

0.15

1.12

44.62 14.02 0.86 143

7

0.76

0.15

7.30

0.98 0.39 0.092

1.22

1

5

5

22

0.79

0.51

45.88 14.10 0.86 139

5

0.33

0.15

6.51

1.04 0.12 0.094

1.30

1

5

5

22

0.74

0.58

44.73 13.51 0.89 150

4

0.15

0.15

5.50

0.87 0.06 0.094

1.34

1

5

5

23

0.86

0.43

46.58 14.15 0.93 150

5

0.41

0.15

6.39

0.97 0.14 0.094

1.20

1

5

5

22

0.43

0.86

44.48 13.75 0.88 100

6

0.33

0.15

7.60

1.34 0.15 0.096

1.65

1

7

5

20

0.15

1.24

40.50 11.59 0.86 145

5

0.36

0.20

6.12

0.96 0.14 0.096

1.28

1

5

5

22

0.15

1.12

44.62 14.02 0.86

92

6

0.20

0.15

7.88

1.55 0.11 0.098

1.72

1

5

5

23

0.99

0.33

46.76 13.71 0.96 104

5

0.15

0.15

6.77

1.25 0.07 0.098

1.60

1

20

5

14

1.70

0.43

29.03

0.88

82

6

0.15

0.15

7.99

1.65 0.09 0.100

0.89

1

5

5

22

0.15

1.14

43.84 13.49 0.90

74

6

0.15

0.15

7.99

1.65 0.09 0.100

1.91

1

5

5

22

1.07

0.25

47.88 13.83 0.87

50

9

0.23

0.15

10.99 2.63 0.19 0.100

1.94

1

5

5

22

0.33

0.97

44.23 13.66 0.88

50

9

0.15

0.23

10.36 2.59 0.20 0.100

2.08

5.53

*: The maximum sensitivity with minimum k

spiral coils depends on several factors including: coil size, the magnetic permeability of
surrounding, and the coils’ fill-factors (2). According to the untied coils in our wearable
application setup, the coils’ gap is filled by air. In our presumption, for the sake of user comfort,
the secondary coil size is taken 20 mm and consequently the primary size and the fill-factors are
the parameters for adjustment. Since the secondary’s fill-factor does not have significant effect
on coupling factor, the primary coil size and its fill-factor are the only parameters for minimizing
k-position dependency. We showed in [26] that the coupling factor and its uniformity (vs coils’
axial/lateral distance) increases with the primary coil size, in general, however, the smaller coil
shows slightly higher coupling factor in the small axial distance as shown in Fig. 4.5. In addition,
the coil resistance increases by primary size that leads to a lower sensitivity. Therefore, the larger
equivalent resistance in a larger primary coil, decreases the sensitivity and on the other hand, it
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Fig. 4.6. The effect of primary fill-factor on
the coupling factor change with lateral
displacement (D1=60mm, Distance=16mm)

Fig. 4.5. The effect of primary size on the
Coupling factor change with lateral
displacement (Ф≈0.9 for all cases).

slightly uniforms the coupling factor in lateral displacements. By considering the occupied area
by primary coil and according to Fig. 4.5 (and results in [26]) for the lateral distance less than 30
mm, 60 mm is considered as the best choice for primary size. Fig. 4.6 shows the effect of the
primary fill-factor (𝜑1 ) on the coupling factor and its variation with lateral displacement for
primary size 60 mm and the axial distance 16 mm. According to this figure, the larger fill-factor
increases the coupling factor, especially in the coaxial distances and it leads us to set a constraint
shown in (16).
4.4 FABRICATION, SIMULATION, AND MEASURMENT RESULTS
The first row in Table 4.3 shows the optimum coil pair with the maximum sensitivity for the
minimum kO and the boundaries/settings in Tables 4.1/4.2 and the constraints in (15)-(16). Fig.
4.7 shows the designed PCB with KiCad (version: (5.1.5)-3). Table 4.4 shows the measured
equivalent components for the primary and the secondary coils with an LCR Analyzer (Agilent
4294A, 40 Hz-110 MHz). The coupling factor and sensitivity were measured for coil’s relative
arrangements illustrated by Fig. 4.8.
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Table 4.4. The fabricated coils’
components and
their calculated values (Table 4.3).
Primary

Secondary

L
(µH)

R
(Ω)

L
(µH)

R
(Ω)

Calculation

13.68

45.85

0.89

5.77

Measurement

13.7

43

0.97

5.2

0.14%

6.2%

9%

9.9%

Error

Axial: 16, 20, 30, 40 mm

Fig. 4.7. PCB design for Primary (Left)
and Secondary (Right)

Lateral: 0, 10, 20, 30, 40 mm
LS=0.97 µH

LP=13.7 µH

Fig. 4.8. The axial distance/lateral distance between primary and secondary in
the sensitivity simulation and measurement.
A. Coupling factor. The best and most precise method to measure the coupling factor is
measuring the equivalent self-inductance by an LCR analyzer with coils in-phase (LI-P) and
opposing-phase (LO-P) connection and applying (17) to calculate mutual inductance [27].
Equation (10) is used to find coupling factor from the measured mutual inductance by (17).
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Fig. 4.9. Experimental and simulation results of coupling factor
for optimum coil in different lateral and axial distances.
𝑀=

𝐿𝐼−𝑃 −𝐿𝑂−𝑃

(17)

4

We used COMSOL (COMSOL Inc., Burlington, MA) as an FEA tool to simulate the coils’
self and mutual inductance. The coupling factor experimental and simulation results are in good
agreement as they are shown and compared in Fig. 4.9.
B. Sensitivity. The final schematic with the coils’ measured equivalent values is shown in Fig.
4.10. The optimum capacitors are fine-tuned by the trimmers in primary and secondary circuits
(Ctp and Csp). According to the measured values in Fig. 4.10 the analytical sensitivity is shifted
from 1.29 mƱ in Table III to1.32 mƱ which indicates less than 2.5% difference. The setup
shown in Fig. 4.11 is used to measure the sensitivity for the coils’ positions shown in Fig. 4.8.

Fig. 4.10. The final schematic.
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Input Signal

Sensor

Fig. 4.11. The sensitivity measurement setup.
The theoretical sensitivity is calculated by the LTspice (Linear Technology, Milpitas, CA)
simulation tool where the coils’ axial and lateral distances are translated to coupling factor by the
measured coupling factor in Fig. 4.9. To measure the sensitivity, RT was swept from 0.850 kΩ to
1.1 kΩ and the Vout was measured with an oscilloscope (Agilent, Model DSO-X 2024A,
Tektronix Probe TPP0200). The primary and secondary capacitors were fine-tuned by
connecting the individual primary and secondary circuits to a sweep signal generator comparing
the frequency and voltage measurement and simulation results. The loading effect of
oscilloscope probe with 12 pF equivalent capacitor was almost attenuated by an 18 kΩ resistor in
series with the probe. Figs. 4.12 and 4.13 show the sensitivity experimental and simulation
results for different axial and lateral displacements defined in Fig. 4.8. According to these figures
for an axial/lateral distances less than 20 mm the difference between simulation and
experimental results is not more than 5%. The small Vout (especially due to attenuation) is one the
major sources of analytical and experimental results mismatch.
4.5 DISCUSSION
The effect of misalignment on the sensitivity was minimized by minimizing the dependency
of sensitivity on coupling factor (Fig. 4.4) and the coupling factor on axial/lateral displacements
(Figs. 4.5-4.6). Fig. 4.14 shows how the coupling factor affects the sensitivity for the circuit in
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Fig. 4.12. The measured and calculated
sensitivity vs lateral displacements for
different axial distances.

Fig. 4.13. The measured and calculated
sensitivity vs axial distances for different
lateral displacements.

Fig. 4.10. According to this figure, if k = 0.1, any axial/lateral misalignment does not affect the
sensitivity provided that 0.07 ≤ k, which regarding Fig. 4.9 it can be converted to the secondary
locations shown in Fig. 4.15. As Fig. 4.15 shows, if the secondary coil’s center moves inside an
imaginary cone which is placed in 16 mm above the primary coil and its height and base radius
are 4 mm and 13.5 mm, respectively, sensitivity does not change significantly (even a little lift is
expected). Fig. 4.16 shows a region by a cone in which the center of the secondary coil can
move, and the minimum sensitivity is more than half of its maximum, which is referred by ReadZone hereafter. Figs. 4.15-4.16 are derived by combining Figs. 4.9 and 4.14 for measurement
results.

Fig. 4.14. The sensitivity with coupling factor for the final schematic.
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4 mm

16 mm

Fig. 4.15. The secondary lateral and axial movement region in which
the sensitivity unchanged (Sen.≈1.3 mƱ, 0.07 ≤ k ≤ 0.1).

Z=14 mm

H=16 mm

Fig. 4.16. Read-Zone: the region in which the secondary can move and the
minimum sensitivity is more than half of its maximum (0.65 ≤ Sen. ≤ 1.3).
The Read-Zone size shown in Fig. 4.16 is changed by the components and PCB fabrication
tolerance. The PCB tolerances are defined by the PCB fabrication service (Oshpark LLC) as
follows:
∆𝑠 = ±25.4 𝜇𝑚 (±1 𝑚𝑖𝑙),

∆𝑤 = ±12.7 𝜇𝑚 (±0.5 𝑚𝑖𝑙)

Due to the insignificant effect of PCB tolerances on the coupling factor, we only analyze the
PCB tolerances on sensitivity-k equation. In this equation, the coils’ equivalent resistance and
self-inductance are the parameters that affected by the PCB tolerances. The peak and the slope of
sensitivity-k curve in Fig. 4.14 are changed due to PCB tolerances and where the Read-Zone in
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Fig. 4.16 is changed accordingly. The extreme errors for primary and secondary (±∆s1, ±∆w1,
±∆s2, ±∆w2) makes 24 possible changes in optimum profile. Updating the sensitivity-k curve in
Fig. 4.14 for different fabrication tolerances shows that the effect of secondary tolerance on
sensitivity-k is negligible. The worst-case PCB error is shown in Table 4.5 where the sensitivity
drops from its maximum 1.3 mƱ to o.8 mƱ which leads to a smaller Read-Zone as specified in
Table 4.6. The Read-Zone (Fig. 4.16) are also affected by the capacitors’ tolerances (±∆C1,
±∆C2, and ±∆Cin). The simulation results indicate that Cin is the component with maximum effect
on the sensitivity where its ±5% tolerance cause to 10% drop in sensitivity. The effect of
different sources of error and their associated sensitivity and Read-Zone are summarized in
Table 4.6. According to this table, while the fabrication tolerance decreases the Read-Zone by
almost 3 mm in height and side, the capacitor’s tolerance does not significantly change this
region.
The effect of Rin and RT. Although Rin and RT are considered at 50 Ω and 1 kΩ, respectively,
their values may change in different circuits and transducers. The effect of Rin and RT on the
Read-Zone are analyzed by their effect on the sensitivity-k curve (Fig. 4.14) and neglecting the
coupling factor change. The combination of Fig. 4.9 with the updated sensitivity-k curve,
determines the new Read-Zone. Fig. 4.17 shows the effect of RT on the sensitivity-k curve.
Table 4.5. The worst-case fabrication
tolerances (+∆s1, +∆w1)
Primary
Coil spec.

Table 4.6. The maximum sensitivity / Read-Zone
for the worst-case PCB and capacitor’s tolerances.

Sensitivity (mƱ)

s
w
L
R k= k= k=
(mm) (mm) (µH) (Ω) 0.09 0.035 0.045

Optimum 0.91 0.41 13.7 45.8 1.3

0.6

0.9

Worst-case 0.94 0.42 12.9 44.6 0.8

0.3

0.4

Optimum
Fabrication Error
(Worst case)
Cin (±5%)
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The Read-Zone
H
Z
Y
Sen.
k
(mm) (mm) (mm)
(mƱ)
16
14 22.5 0.035-0.1 0.65-1.3
16

11

20

0.045-0.1 0.4-0.8

16

14

22

0.038-0.1 0.5-1.1

Table 4.7. The effect of RT on the
sensitivity and Read-Zone.
The Read-Zone
RT
H
Z
Y
k
(kΩ) (mm) (mm) (mm)
0.0610.5 < 10 < 12
20
0.14
1
16
14
22.5 0.035-0.1
2
16
14
22.5 0.035-0.1

Table 4.8. The effect of Rin on Read-Zone.
Rin
(Ω)
20
35
50
65

Sen.
(mƱ)
1.95-3.9
0.65-1.3
0.45-0.9

The Read-Zone
H
Z
Y
Sen
k
(mm) (mm) (mm)
(mƱ)
~16
14 22.5 0.035-0.085 0.9-1.8
16
~13 22 0.038-0.088 0.8-1.6
16
14 22.5 0.035-0.09 0.65-1.3
~16 ~13 21.5 0.039-0.092 0.58-1.16

According to this figure, the maximum sensitivity and the Read-Zone are degraded by larger
RT. On the other hand, a 50% reduction in RT (from 1 kΩ to 500 Ω) increases the sensitivity by a
factor 3 (1.3 mƱ to 3.9 mƱ), however, its required coupling factor, 0.14, is too large to achieve
in a distance more than 10 mm. The effect of RT on maximum sensitivity and Read-Zone is
summarized in Table 4.7.
Fig. 4.18 shows the effect of Rin on the sensitivity-k curve. Regarding this figure, while the
maximum sensitivity increases with lower Rin, as Table 4.8 indicates, the Read-Zone does not
change considerable for Rin in the range 20 Ω to 65 Ω.
4.6 CONCLUSION
Wireless resistive analog passive (WRAP) sensor is a low-cost novel solution to monitor the
patient’s biological signals in a daily life setting. The magnetic field between the primary and
secondary coils is used as the wireless connection media. The 13.56 MHz signal generated by the
scanner is modulated by the resistive sensor change at the secondary side through the near field
magnetic field between the primary and secondary coils. The electrical components and the
coils’ profiles determine the maximum sensitivity and the Read-Zone, the secondary span region
in where the sensitivity stays greater than half of its maximum value. In this work, we used
Genetic Algorithm to optimize the coil profile and the components to maximize the sensitivity
and the Read-Zone with few fabrication and application constraints. The coils coupling factor (k)
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Fig. 4.17. The effect of RT on sensitivity. The smaller RT increases the sensitivity,
however, increase the kmax.
is the parameter that translates the coil arrangement and misalignment to the sensitivity variation.
To minimize the effect of coil position on the sensitivity, we first minimized the sensitivity to k
variation and then, minimized the effect of position on k by choosing the appropriate coil size
and fill factor. A pair of optimized coils was fabricated for the primary and secondary with size
60 mm and 20 mm, respectively. The measured coupling factor over different primary-secondary
alignments was verified by FEA simulation. In addition, the analytical sensitivity results in
different alignments were shown in good match with the experimental results: less than 5%

Fig. 4.18. The effect of Rin on the sensitivity and kmax. The sensitivity and kmax
decrease with Rin.
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difference in the region within 20 mm lateral and axial misalignments. We defined the ReadZone and discussed the effect of fabrication and component tolerances on this zone. It was
showed that while the fabrication tolerances can drop the sensitivity to 40% of its maximum
value, it does not change the Read-Zone significantly. In addition, we showed that while the
tolerance of Cin, the impedance matching capacitor, is the most influential components in the
sensitivity, its 5% tolerance leads to 15% drop in the sensitivity and it does not affect the ReadZone significantly. We also analyzed the effect of transducer and the signal generator resistors
on the sensitivity and the Read-Zone In general, it was shown that a transducer and a signal
generator resistor in the range 1 kΩ ~ 2 kΩ and 20 Ω ~ 65 Ω, respectively, does not considerably
change the Read-Zone. The smaller transducer resistance, however, can drastically increase the
sensitivity, but, if the coupling factor does not increase accordingly, it would be very sensitive to
the coil relative positions (Fig. 4.17 for RT=0.5 kΩ and small k). In other words, we can
considerably increase the sensitivity by decreasing the transducer resistance but its susceptibility
to alignments would increase significantly unless the coupling factor increases accordingly.
Moreover, the sensitivity is increased moderately by decreasing the signal generator internal
resistor (Rin). The evaluation of different possible ways for improving the coupling factor, such
as two layers PCB, can be the subject of future works to expand the sensitivity and its ReadZone.
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Chapter 5
CONCLUSION AND FUTURE DIRECTIONS
5.1 Key Results
In this research, we have proposed an engineering process of designing an optimum pair of
planar spiral coils with their associate components to maximize the sensitivity and misalignment
tolerance for the Wireless Resistive Analog Passive (WRAP) sensors. The key results can be
summarized as follows:
1. We defined objective function and the key variables for WRAP sensors. The voltage variation
in response to the transducer change was defined as the sensitivity.
To make the sensitivity independent of input excitation signal, the (normalized) sensitivity is
defined as the amount of output voltage change for a unit input voltage in response to a unit
change of transducer resistance which is specified with mƱ.
2. The traditional gradient-based convex optimization approaches are not the appropriate
methods for a complex and nonlinear sensitivity objective function. The Genetic Algorithm
(GA) technique was employed to optimize the coil profile and circuit components. The coils’
equivalent components and coupling factor are the critical variables in the objective function.
The proximity effect influences the conductor’s resistivity that its neglection create a huge
difference between analytical and measurement results. While the gap between the coils is
filled by the air, thus the coupling factor is controlled by the coils’ profiles. The coupling
factor is almost 0.1 for the secondary coil size 20 mm with 15 mm coils’ gap, and does not
change significantly by increasing the primary size more than 60 mm.
3. The nature of untied coils in the wearable WRAP sensor must be as resistant as possible to the
displacement and misalignment. The axial and lateral misalignments are introduced to the
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optimization process by considering their effects on the coupling factor and the effect of
coupling factor on the sensitivity function. The coils’ profiles and the components are
optimized for maximum sensitivity as well as maximum misalignment tolerance. We showed
that to minimize the effect of misalignment on coupling factor, the primary coil must have
high conductor concentration or fill-factor that is the coil floor percentage occupied by tracks.
In addition, the coil profiles and circuit components are optimized for two objective functions:
maximum sensitivity and minimum variation to coupling factor. We showed that when the
secondary coil’s size is 20 mm, the optimum primary size is 60 mm and the highest sensitivity
can be achieved at 16 mm distance between the coils. If the secondary coil moves in a circle
with 13.5 mm radius laterally or moves 4 mm axially, the sensitivity does not change
significantly. The secondary’s coil mobility can be even more if a maximum of 50% drop in
sensitivity is acceptable. In this case, the secondary coil can move 14 mm and 22.5 mm,
axially and laterally, respectively.
The proposed design process gives a brief direction to design a pair of PSCs and their related
circuits. The analytical method was validated by the measurement results of a pair of fabricated
PSCs and their related circuits. The design flow can be applied to any WRAP sensor with its own
constraints. In any WRAP sensor, the transducer resistance, coils’ working distance, coils’ size,
capacitors’ boundaries, and the approximate coupling factor mast be defined. The coupling factor
can accurately be determined by a FEA simulation for the designated coils’ distance. The
optimization algorithm finds the several coil profiles with the maximum sensitivity and
minimum susceptibility to misalignment. The result with the best and closest match with the
simulated coupling factor will be chosen as the optimum design. The proposed method is also
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applicable to a power transfer efficiency in a Wireless Power Transfer (WPT) problem if the
power efficiency equations are substituted for sensitivity expressions.
5.2 Future Directions
The angular misalignment has not been analyzed in this research. The angular misalignment
can degrade the sensitivity; however, the coils’ shape and size may affect the strength of
degeneration. Investigation the effect of angular misalignment on the sensitivity change and
assessing the coil shape to minimize it, can be one of the future studies to improve the coil
optimization process.
In addition, a low coupling factor is the main obstacle to increasing both sensitivity and
misalignment susceptibility. While the coils are surrounded by air and the coils’ shape and size
are predefined, the only leverage to increase the coupling factor can be suggested as follows:
1. If the coil turns are piled by adding more layers on the PCB, their flux adds together. Since
the multilayer PCB imposes the extra cost, a two-layer PCB would be the best solution that
doubles the layers with no additional cost. Although it increases the equivalent resistance, the
overall performance can be improved with finding the proper coils’ profile.
2. Ferromagnetic coating on the secondary coil floor collects more primary flux and increases
the coupling factor, however the cost, feasibility, and the overall performance require further
studies.
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APPENDIX A
MATLAB Codes
function

BestCinC1SWNC2_GA_2( Rin,RL,do1,do2 )

%
do1 (mm)
%% *******************************************************
% C1 AND C2 ARE THE TOTAL PRIMARY AND SECONDARY CAPACIORS
% All R's in Ohm
%% *******************************************************
X=sym('X',[1 11]); % X(1)=RL
X(2)=CIN
X(3)=C1
X(4)=N1
X(6)=W1
X(7)=N2
X(8)=S2
X(9)=W2
X(10)=C2 X(11)=k
f=13.56e6;
w=2*pi*f;mu0=4*pi*1e-7;mu=1;Tc=38.1e-6;row=1.7e-8;

X(5)=S1

PHI1=@(X) (X(4)*(X(5)+X(6))-X(5))*25.4e-6/(do1*1e-3-X(4)*(X(5)+X(6))*25.4e6+X(5)*25.4e-6);
%Eq. (3-11)
PHI2=@(X) (X(7)*(X(8)+X(9))-X(8))*25.4e-6/(do2*1e-3-X(7)*(X(8)+X(9))*25.4e6+X(8)*25.4e-6);
%Eq. (3-11)
Lp=@(X) ((1.27*mu0*X(4)^2*(do1*1e-3-X(4)*(X(5)+X(6))*25.4e-6+X(5)*25.4e6)/2)*(log(2.07/PHI1(X))+0.18*PHI1(X)+0.13*PHI1(X)^2)); %Eq. (3-12)
Ls=@(X) ((1.27*mu0*X(7)^2*(do2*1e-3-X(7)*(X(8)+X(9))*25.4e-6+X(8)*25.4e6)/2)*(log(2.07/PHI2(X))+0.18*PHI2(X)+0.13*PHI2(X)^2)); %Eq. (3-12)
di1=@(X) do1*1e-3-2*X(4)*(X(5)+X(6))*25.4e-6+2*X(5)*25.4e-3;
di2=@(X) do2*1e-3-2*X(7)*(X(8)+X(9))*25.4e-6+2*X(8)*25.4e-3;
Lc1=@(X) 4*X(4)*do1*1e-3-3*X(4)*X(6)*25.4e-6-((2*X(4)1)^2)*(X(5)+X(6))*25.4e-6;
% CONDUCTOR LENGTH, PART OF EQ. (3-13)
Lc2=@(X) 4*X(7)*do2*1e-3-3*X(7)*X(9)*25.4e-6-((2*X(7)1)^2)*(X(8)+X(9))*25.4e-6;
% CONDUCTOR LENGTH, PART OF EQ. (3-13)
d1=@(X) 2*(Tc*X(6)*25.4e-6/pi)^0.5;
d2=@(X) 2*(Tc*X(9)*25.4e-6/pi)^0.5;

%from [340]
%from [340]

Rp=@(X) (row*(Lc1(X)/(X(6)*25.4e-6*Tc)))*(1+(d1(X)^2*f*pi*mu0)/(row*4.48));
%Eq. (11) in [340]
Rs=@(X) (row*(Lc2(X)/(X(9)*25.4e-6*Tc)))*(1+(d2(X)^2*f*pi*mu0)/(row*4.48));
%Eq. (11) in [340]
Zs=@(X) Rin+1/(1i*w*X(2)*1e-12);
Z2=@(X) Rs(X)+1i*w*Ls(X)+1/((1/X(1))+1i*w*X(10)*1e-12);
M=@(X) (X(11)/1000)*(Ls(X)*Lp(X))^0.5;
ZR=@(X) ((w*M(X))^2)/Z2(X);

%EQ. (3-6)
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% EQ (3-21) Proposal

Zin=@(X) 1/(1i*w*X(3)*1e-12+(1/(Rp(X)+1i*w*Lp(X)+ZR(X))));
Vp(X)=Zin(X)/(Zin(X)+Zs(X));
SENsitivity=-sqrt((real(diff(Vp,X(1))))^2+(imag(diff(Vp,X(1))))^2);
SENsitivity_FUN=matlabFunction(SENsitivity,'Vars',{[X]});
A = [];b = [];Aeq = [];beq = []; C=[];
%RELATION BTW n, do, di, s, AN w: 2(n-1)s+2nw-do <0 ==> c1(X)<0
%PHI1 > 0.85
c1 =@(X) [-do1*1e-3+2*(X(:,4)-1).*X(:,5)*25.4e-6+2*X(:,4).*X(:,6)*25.4e-6
, -do2*1e-3+2*(X(:,7)-1).*X(:,8)*25.4e-6+2*X(:,7).*X(:,9)*25.4e-6 , 0.85(X(:,4).*(X(:,5)+X(:,6))-X(:,5))*25.4e-6./(do1*1e-3X(:,4).*(X(:,5)+X(:,6))*25.4e-6+X(:,5)*25.4e-6)]; % Vectorized version
C=@(X) deal(c1(X),[]);
options = optimoptions('ga','Maxgenerations',500,'FunctionTolerance',1e20,'ConstraintTolerance',1e-16,...
'PopulationSize',1000,'UseVectorized',true,'CrossoverFraction',0.3,'MutationF
cn',@mutationadaptfeasible,'CreationFcn',@gacreationnonlinearfeasible,
'FitnessScalingFcn',@fitscalingrank,'NonlinearConstraintAlgorithm','penalty',
'penaltyfactor', 1000);
%**********************
% X(1)=RL
X(2)=CIN
X(3)=C1
X(4)=N1
X(5)=S1
X(6)=W1
X(7)=N2
% X(8)=S2
X(9)=W2
X(10)=C2
X(11)=k
%% ****************************************************************
%********************** GA
lb=[RL, 5 , 5 , 5 , 6 , 6 , 3 ,6 , 6 , 50 , 60 ];
ub=[RL, 20, 20, 30, 70, 100, 20,30, 50, 200, 100 ];
for j=1:100
%*********** INITIAL VALUES
% We take the average of lower and upper limits as initial values
X0=(lb+ub) ;
[x, fval, exitflag, output] =
ga(SENsitivity_FUN,11,A,b,Aeq,beq,lb,ub,C,[2,3,4,5,6,7, 8, 9, 10,
11],options);
KK=0;
for kc=60:2:100
KK=KK+1;
x(11)=kc;
SEN(KK)=-SENsitivity_FUN(x);
end
Kmax=60+2*(find(SEN==max(SEN))-1);
Sensitivity(j,:)=[x, Rp(x), Lp(x)*1e6, Rin, Rs(x), Ls(x)*1e6,PHI1(x),
PHI2(x),Kmax, max(SEN)*1e3, -fval*1e3];
end
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%****************************************
if ((exist('Sensitivity.xls'))==2)
delete Sensitivity.xls;
end
%
ADD HEADER TO THE TABLE
header=["RL","Cin","C1","n1", "s1", "w1", "n2", "s2", "w2", "C2", "k", "Rp",
"Lp","Rin", "Rs","Ls","PHI1","PHI2","Kmax","Sen_Kmax", "Sensitivity"];
OUTPUTW=[header;Sensitivity];
%OUTPUTR : OUTPUT WITH HEADER
%

Save Sensitivity;

xlswrite('Sensitivity',OUTPUTW);
warning('The Sensitivity and its Associated values are writtenn in
Sensitivity.xls')
end

###################################################################
function

Y=Sensitivity_vs_k_V21_1( C1,Rp,Lp,Cin,Rin,C2,Rs,Ls,rL )

% All C in pF
% All L in uH
% All R in Ohm
%% ****************************************************
%
This Code, calculates and plots the sensitivity vs RL
%
and the core of this code has been carried over from Ideal_2.m
%%*****************************************************
C1=C1*1e-12;Lp=Lp*1e-6;Cin=Cin*1e-12;C2=C2*1e-12;Ls=Ls*1e-6;
syms RL k;
%%***********************************************************************
%%*******
%%*******
PREDEFINED VALUES
%%*******
%%***********************************************************************
w=2*pi*13.56e6;
%%************************************************************************
Zs=Rin+1/(1i*w*Cin);
M=@(k) k*(Ls*Lp)^0.5;
Z2=@(RL) Rs+1i*w*Ls+1/((1/RL)+1i*w*C2);

ZR=@(RL,k) ((w*M(k))^2)/Z2(RL);

%

%EQ. (3-6)
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EQ. (3-21)

Zin=@(RL,k) 1/(1i*w*C1+(1/(Rp+1i*w*Lp+ZR(RL,k))));

%EQ. (3-7)

VP(RL,k)=Zin(RL,k)/(Zin(RL,k)+Zs);
ABS_VP(RL,k)=sqrt((real(VP(RL,k)))^2+(imag(VP(RL,k)))^2);
ABS_SEN=-sqrt((real(diff(VP,RL)))^2+(imag(diff(VP,RL)))^2);
RL=rL;
k=0:0.001:0.3;
y=ABS_SEN(rL,k);
plot(k,-y*1e3,'linewidth',4);
xlabel('K', 'FontWeight','Bold', 'fontsize', 30);
ylabel('|Sensitivity| (m\Omega^-^1)', 'fontweight', 'bold', 'fontsize', 30);
set(gca,'fontsize',30,'FontWeight','Bold','FontSize',30);
title(['C_1=' num2str(C1*1e12) ' pF, ','C_i_n=' num2str(Cin*1e12) ' pF,
','R_i_n=' num2str(Rin) ' \Omega, ', ...
'R_P=' num2str(Rp) ' \Omega, ','L_P=' num2str(Lp*1e6) ' \muH, ' newline
'C_2=' num2str(C2*1e12) ' pF, ','R_S=' num2str(Rs) ' \Omega, ' ,'L_S='
num2str(Ls*1e6) ' \muH, ', 'RL=' num2str(rL) '
\Omega'],'FontWeight','Bold');
grid on;
end

###########################################################################
function Coil_Electric_Equivalent3( do,n,s,w)
%****************************************************
% THIS FUNCTION CALCULATE THE EQUIVALENT ELECTRICAL CIRCUIT COMPONENETS FOR
% THE GIVEN COIL PHYSICAL CHARACTERISTICS
%*****************************************************
%****************************************************
%
Revision 3
%
%
In This revision: The RAC is also calculated based on [340] that
%
I think it is very accurate
%
%****************************************************
%
INPUTS:
%
do:
in mm
%
s and w: in mil
%*************************************************************************
mu0=4*pi*1e-7;mu=1;f=13.56e6;
alpha=0.9;betta=0.1;erc=1;ers=4.4;e0=8.854187e-12;Tc=38.1e-6;row=1.7e-8;
do=do*1e-3;s=s*25.4e-6;w=w*25.4e-6;
% Converitg the units
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PHI=(n*(s+w)-s)/(do-n*(s+w)+s);
%Eq. (3-11)
L_uH=((1.27*mu0*n^2*(don*(s+w)+s)/2)*(log(2.07/PHI)+0.18*PHI+0.13*PHI^2))*1e6; %Eq. (3-12)
di_mm=(do-2*n*(s+w)+2*s)*1e3;
Lg=4*(do-n*w)*(n-1)-4*n*(n+1)*s;

% GAP LENGTH, PART OF EQ. (3-14)

Cp_pF=((alpha*erc+betta*ers)*e0*(Tc/s)*Lg)*1e12;
Lc=4*n*do-3*n*w-((2*n-1)^2)*(s+w);

% CONDUCTOR LENGTH, PART OF EQ. (3-13)

delta=sqrt(row/(pi*mu*mu0*f));

% PART OF EQ. (3-13)

Rs=row*(Lc/w)/(delta*(1-exp(-Tc/delta)));

%Eq. (3-13)

d=2*(Tc*w/pi)^0.5;
%from [340]
RAC=(row*(Lc/(w*Tc)))*(1+(d^2*f*pi*mu0)/(row*4.48)); %Eq. (11) in [340]
do_mm=do*1e3;s_mil=s/25.4e-6;w_mil=w/25.4e-6;Lc_mm=Lc*1e3;Lg_mm=Lg*1e3;
table(do_mm,n,s_mil,w_mil,Lg_mm,Lc_mm,PHI,di_mm,Rs,L_uH,Cp_pF, RAC)
end
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APPENDIX B
COMSOL Models
B.1. SELF-INDUCTANCE WITH COMSOL
COMSOL simulation is employed to find two parameters: self-inductance of each individual
coil and mutual inductance between two PSCs. In this section the steps for self-inductance
simulation is explained.
1) Geometry
The “Polygon” primitive object is used to draw a PSC structure in a work plane. To draw a
polygon, the coordinates of each line must be defined. Fig. A1. Shows the parametric corners’
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Fig. B1. The Polygon coordinates for COMSOL geometry modeling.
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coordinates for a PSC with track width w, track’s gap s, n turns, and outer size dO. Fig. B2.
shows the outcome of the Fig B1 for the secondary PSC of the final coil.
The whole structure is placed in a sphere with the radius 200 mm as the infinite boundary.

Fig. B2. The geometry design for the final secondary coil.
N=5, w=0.3 mm (12 mil), s=0.3 mm (12 mil)
2) Materials
The tracks are defined with copper from COMSOL built-in materials. The rest of the sphere is
filled with air.
3) Physics
Magnetic Fields (mf) is the best physics for the model. The Coil model is selected for a PSC
simulation. Fig. B3 shows the physics and the model.
4) Mesh
The mesh type: Physics-Control mesh
Element size: Extra fine
5) Study and results
After running the “Study”, the results of coil specification can be seen in a table at the
“SelfInductance Evaluation” from “Derived Values” as it is shown in Fig. B4.
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(a)

(b)

(c)

Fig. B3. (a) the magnetic fields (mf) physics from Electromagnetic fields is chosen as the
physic (b) The Coil model is the appropriate model for a coil analysis (c) Input current port

Fig. B4. (Left) Choosing the Coil parameters option for the derived results (Right) the
coil parameters that are evaluated and shown as the derived result
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B.2. SIMULATION THE MUTUAL INDUCTANCE BETWEEN TWO PSCS
1) Geometry
In geometry, the primary coil is specified with a polygon, as it is described in section B.1. the
secondary is drawn with COMSOL primitive object “Bezier Polygon”. A Bezier polygon, as it is
shown in Fig. B5, is made of several segments that for each segment the start coordinates (X and
Y) and the end coordinates (X and Y) must be defined. For the secondary coil with 5 turns, there
are 20 segments.
The start and end points in a “Bezier Polygon” for each segment in a coil with track’s width w,
tracks’ space s, n turns, and the outer coil size dO can be calculated from the structure and table

Fig. B5. The primitive object, “Bezier Polygon” to define the
secondary coil as the straight lines.
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Fig. B6. Bezier Polygon for drawing the secondary
for Middle line integral in calculation of mutual
inductance.
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shown in Fig. B6. After making the primary with polygon and the secondary with a Bezier
polygon, the secondary is taken away by the defined distance between the two coils, e.g., 16 mm.
Moreover, one of the important process in making the primary coil, it must be extruded as much
as the track’s thickness on PCB (that is usually 38 µm). The whole model is placed in a sphere
with radius of 3×dO1 as the boundary. The sphere is filled with air in the material definition.
The two ends of primary are connected by an isolator, that will be explained in the following
section. Fig. B7 shows the complete geometry design 16 mm distance between two coils.

Fig. B7. The complete geometry with the polygon as primary and Bezier
polygon for secondary: dO1=60 mm, dO2=20 mm, Distance=16 mm.
2) Materials
We just need to define the primary material with the COMSOL built-in copper and the rest
with air. The secondary coil is made with the lines and no need to be defined with a material.
3) Physics
Magnetic Fields (mf) is the best physics for the model. The Coil model is selected for a PSC
simulation. Fig. B3 shows the physics and the model. As it is indicated by a red arrow in Fig. B3
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(c), an input port must be defined to feed the input current. In Coil definition, there is a “Current”
option that we can define the input current. To have the better results performance (arrow
volume representation) the input current is defined as 10 A.
4) Mesh
The mesh type is defined by the physics and the element size is defined as small as possible with
“Extra fine”. Fig. B7 shows a part of primary coil with dO1=60 mm.

Fig. B7. The extra fine mesh size on primary with dO1=60 mm.
the mesh type is controlled by the physics.
5) Study
The “Coil Geometry Analysis” is the fast and the best solver for the coil simulation that its tab
is shown in Fig. B8.
6) Results
To calculate the mutual inductance between the two coils, we use the “Line integral” of
“Magnetic Vector Potential (Wb/m)” (∇ × 𝐴 = 𝐵) components on the secondary coil as the line
segments. We use (1) to calculate the mutual inductance.
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Fig. B8. The Coil geometry Analysis as the solver in “Coil model of mf physic.
𝑀=

1
𝐼0

∮𝐶 𝐴. 𝑡𝑑𝐶 (

𝑊𝑏
𝐴

)

(1)

Where M is the mutual inductance, A is the magnetic vector potential, t is the unit tangent vector
to the curve, and I0 is the current running the primary coil. The loop consists of the secondary
segments as it is shown in Fig. B9.
The COMSOL expression of (1) is shown in (2)

Fig. B9. The secondary coil as the line segments that the
line integral is computed on.
1

𝑀 = 𝐼 ∮𝐶(tA2x ∗ t1x + tA2y ∗ t1y + tA2z ∗ t1z )𝑑𝐶
0

(2)

The line integral over the secondary coil, as specified in Fig. B9, and dividing the results with I0
(which in our simulation is 10 A) gives the mutual inductance in H.
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APPENDIX C
PCB Design
To draw the coil on PCB we need to define the exact coordinates of the coil’s corners, that is
specified in Fig. C1 based on the coil’s specification.
Primary Structure and Outline
60mm
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Board layout and the coils corners coordinates (X0 ,Y0 is an arbitrary point coordinate at the left down
corner of the coil).
n: number of turns

,

w: trace width,

s: space between traces,

dO: coil outer diameter

Fig C1. The corners’ coordinates calculation that used for drawing the Coil’s PCB.

The complete design and fabricated PCB are shown in Fig. C2.
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(b)

(a)

(d)

(c)

Fig. C2. The designed PCB: (a) Primary, (c) Secondary. The fabricated
PCB: (b) Primary, (d) Secondary
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